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PREFACE. 



"•C*- 



This little book deals with the use of steam as dis- 
tinguished from its production. It is an attempt to 
state the principles laid down by theoretical writers, — 
Glausios, Bankine, and others, who are better known 
in the class-room than in the oflSce, — ^in such a form 
as to be useful to practical Engineers; to test by 
these principles the modes of working which have been 
found most advantageous in practice ; and to offer here 
and there some new suggestions. Mathematics have 
been dispensed with as far as possible; and where they 
could not be altogether avoided, a smaller type has 
been used in order that the reader who wishes to pass 
over the mathematical parts may do so conveniently. 
The principal conclusions have been printed in italics 
to attract the attention of any who have not time to 
read the whole. The earlier chapters refer especially 
to the theory of the working of steam, and the others 
to the application of the theory. The later chapters 
will therefore have the most interest for Engineers, 
but they will be more readily followed if the early 
ones are not entirely passed over. 
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CHAPTER I. 

INTRODUCTION. 



Befobe entering upon the subject of the action of 
steam in the cylinder of an engine, a few preliminary 
observations will be necessary to guard against mis- 
takes which sometimes arise with reference to the 
scales of measurement of pressures, temperatures, &c. 

Absolute Pressube. — ^The usual mode of denoting 
pre9sure of steam, namely, in pounds above the atmo- 
spheric pressure, is simple and convenient for most 
purposes relating to the boiler, but leads to miscon- 
ception when applied to steam in the cylinder of an 
engine. Water evaporated in the open air is said, 
according to this notation, to be transformed into steam 
of zero pressure, instead of steam of 14*7 lbs. pressure 
per square inch, which pressure counterbalances that 
of the atmosphere. If such steam is used in a con- 
densing engine, the effect is said to be due to vcunmm, 
which is still regarded by some people as a separate 
force unconnected with the steam, and in fact operating 
on the other side of the piston. When steam of higher 
pressure is used, it is customary in finding the horse- 
power to add the vammm to the steam pressnTe^ so 
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carrying out the same idea. It need hardly be re- 
marked, however, that the employment of the con- 
denser is simply the removal of an opposing force, and 
therefore the condenser ought to be regarded not as 
a manufacturer of power, but as a contrivance by 
means of which all the work performed by the steam 
in the cylinder is brought to bear on the piston-rod, 
instead of some of it being thrown away in pressing 
back the atmospheric air. The pressure or tension of 
the steam in a non-condensmg engine is resisted by two 
forces, namely, the strain in the piston-rod and the 
atmospheric pressure on the other side of the piston. 
In the condensing engine, however, the opposing force 
is only the strain in the rod plus a pound or two of 
" back pressure " in the condenser due to the imperfec- 
tion of the vacuum. 

It is common in scientific books to give the pressure 
of a gas in terms of atmospheres, one atmosphere being 
a pressure of 14*7 lbs. on the square inch. By this 
system a pressure of 60 lbs. per square inch by the 
pressure gauge would be called five atmospheres in all. 
Here the misconception just alluded to is avoided, and 
also a simple standard of reference is obtained instead 
of one having two terms, namely, pounds per square 
inch or foot In engineering- calculations, however, it 
is necessary to bring the results into these two terms ; 
and it is most convenient therefore to use them through- 
out, remembering that (he real or absolute jpressure, 
namely, that above the true vacu/um, must always he taken 
instead- of that given ly ihe gauge, the former heing 
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obtained from the latter hy adding 14*7 lbs., or ajpproxi- 
matdy 15 lbs. 

Tempebatube. — ^Troublesome as the commonly used 
scale of pressure as given by the gauge is, the Fahren- 
heit scale of temperature is even worse. Its incon- 
veniences must be submitted to until the Centigrade 
scale (in which the freezing point is taken as the zero, 
and the temperature of water boiling under the pressure 
of one atmosphere as 100°) has come into general use, 
instead of beuig confined, as at present, to pure science. 
At all events, whenever the metric system of weights 
and measures is adopted in this country, the Centigrade 
scale will be received as part of it. 

Professor Eankine has suggested the hypothesis of 
an absolute or true zero of temperature existing at 
minus 461*2° Fahr.; or 493*2° below the freezing 
point. The reason for taking this zero is, that, reckon- 
ing from it, the temperature of a gas varies as its 
vblume, the pressure being supposed constant. The 
original form in which this law was stated was, that if 
the temperature of a gas is altered, the final volume is to 
the original, as the final temperature plus 461 • 2° Fahr. 
is to the original temperature plus 461 '2° Fahr. ; and 
Professor Kankine's hypothesis certainly simplifies the 
formula considerably. It is important to remember, 
however, that it is merely a hypothesis, or rather per- 
haps a convenient fiction ; since the law upon which it 
is founded is only very nearly true, that is to say, the 
zero which would make it true is not precisely the 
same for all fixed gases, and even for the same gas is 
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slightly different at different temperatures. This being 
understood, the term "absolute'^ temperature may he 
used as meaning the temperature Fahrenheit plvs 461 • 2°, 
which m^y he regarded in a gas as always proportional 
to the volumSy other circumstances remaining the same. 
In this notation the freezing point becomes 493 • 2° and 
boiling point at atmospheric pressure 673*2° absolute. 

Latent Heat.— This convenient and mysterious 
term is often applied to two ways in which heat dis- 
appears, which it is most important to distinguish. 
For this purpose it will be well to follow out in detail 
a familiar experiment first made by Dr. Mayer of 
Heilbronn. 

Let a cubic foot of air be taken at 32° Fahr. tem- 
perature, and at the atmospheric pressure of 14 * 7 lbs. 
on the square inch, or 2116 • 3 lbs. on the square foot ; 
the weight of this amount will be '080728 lbs. Let it 
be heated to a temperature of 525 • 2° Fahr. without 
being permitted to expand, that is to say, in a closed 
vessel. The heat absorbed by the air will be as much 
as is required to raise the temperature of 6 '73 lbs. of 
water one degree Fahrenheit. 

Again, let another portion of air be taken, exactly 
similar in quantity and circumstances to the former, and 
let it also be heated to a temperature of 525*2^ Fahr., 
but let it be allowed to expand freely during the 
operation against a constant pressure of 2116 '3 lbs. on 
the square foot. It wiU be found to have absorbed this 
time as much heat as will raise the temperature of 
9 '476 lbs. of water one degree, or 2*746 lbs. more than 
in the foimei cas.e. It is evident that in the first 
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operation all the heat is expended in raising the tem- 
perature of the air, since no change of state such as 
from solid to liquid takes place, nor is any form of force 
other than heat the result. In the second operation 
6*73 units of heat will have gone, as before, to altering 
the temperature of the air, but the remaining 2 '746 
units have ceased to exist as sensible heat, that is to say, 
they are not detectable by the thermometer. Heat 
which disappears in this manner is often called latent 
heat, but this is a most misleading use of the term, for 
what has really taken place is a conversion of heat into 
another form of force, namely, mechanical motion. 
The air under consideration was supposed to be heated 
under a constant pressure, from a nominal temperature 
of 32® to 525*2°, that is to say, substituting absolute for 
nominal temperature, from 493*2°, to 986-4°. Its 
volume will therefore have increased in the same pro- 
portion, namely, from one cubic foot to two, which 
involves the lifting of the pressure on one square foot 
through a space of one foot, that is, 2116*3 foot poimds 
of work. Dividing this by the units of heat which have 
disappeared, or 2*746, we obtain 770*7 foot poimds as 
the equivalent of one unit of heat, a number which 
differs but slightly from the equivalent found experi- 
mentally by Dr. Joule, viz. 772. 

This coincidence of figures obtained by experiment 
with those arrived at theoretically, shows that the heat 
which disappears during the expansion of a gas is 
entirely transformed into work, and is not at all 
analogous to the latent heat properly so called, which 
is necessary for the conversion of ice into wote^t^ \\^ 
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which case no external work whatever is done, while 
no effect is produced which the thermometer can detect. 
It is true that in the case of the expanded gas, as well 
as in that of the melted ice, the heat may be made to 
reappear by the reverse process, but this is not because 
the heat has remained present, although latent, but 
because work done in expansion is undone again, the 
energy "conserved" in the lifted weight becoming 
actual again by the falling of that weight. In the same 
way energy is rendered potential or conserved by the 
raising of a stone from the ground, but reappears in 
" vis viva" actual energy, when the stone is allowed to 
fall, and ultimately takes the form of heat, which is 
often visible in a spark, as the stone strikes the ground. 
The disappearance of heat due to the performance of 
work is therefore an entirely different matter from the 
absorption of heat by a body passing from the solid to 
the liquid state ; and if the term '* latent" is applied to 
the one, it should not also be used for the other. It is 
clearly most appropriate to the latter case, since in the 
process of liquefaction a certain amount of heat is really 
hidden, remaining in the substance as a secret store. 
When work is done, however, the heat which is absorbed 
appears in another form, and passes entirely away from 
the working substance to that worked upon. 

Considering now the evaporation of water, the 
generation of steam, we shall find that what is commonly 
called the latent heat of steam, is the sum of the proper 
latent heat which passes into the steam itself, in order 
that it may exist as steam, and of a certain amount of 
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heat which becomes transformed into work, driving 
away the surrounding medium which resists the expan- 
sion of the water into steam. 

When a pound of water is evaporated at a tem- 
perature of 212° Fahr,, and under the atmospheric 
pressure of 2116 -3 lbs. on the square foot, a change of 
volume takes place from '016 to 26*36 cubic feet, or 
an augmentation of volume of 26*34 cubic feet. The 
formation of a pound of steam, therefore, under these 
conditions, involves the repulse of the air from 26*34 
cubic feet of space, and as this repulse takes place 
agaiQSt a pressure of 2116 '3 lbs. on the square foot, it 
follows that an amount of work is performed equal in 
foot pounds to the product of 26*34 into 2116 '3, or 
55743. Let this number be divided by the number of 
foot pounds which are equal in value to one unit of 
heat, that is to the amount of heat required to raise one 
pound of water one degree Fahr. We have seen that 
that number of foot pounds is 772 (Joule's mecha- 
nical equivalent of heat). Divide, then, by 772, the 
result is 72*2 units of heat, which, therefore, represents 
the work done duriog the generation of the steam. The 
only possible origin of this work is the heat absorbed 
during the process, which is generally called the latent 
heat, and amounts at the atmospheric pressure to 966 * 6 
units. Subtracting, therefore, 72 • 2 from 966 * 6 we have 
a remainder of 894*4 units, which appears to be the 
actual latent heat, the heat necessary to the existence 
of the steam, since there seems to be no reason for 
making any further deduction. The work done during 
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the evaporation of one pound of water under higher 
pressure is considerably greater, while the so-called 
latent heat is less, and even the total heat, that is the 
sum of the latent and sensible heat, increases very little 
in comparison to the work. For instance at a pressure 
of 338 • 3 lbs. on the square inch the amount of work done 
is represented by 86 '4 thermal. units, and the total heat 
is 1236 • 2, the proportion of direct work to heat expended 
being about 1 to 14 ' 3, instead of 1 to 16, as in the former 
case of steam generated at the atmospheric pressure. 
This fitct is another argument in favour of using high- 
pressure steam, the economy of which is, however, esta- 
blished sufficiently by more obnous and forcible reasons, 
such as the consideration that higher rates of expansion 
can be employed, and that some sources of loss, — that 
by back pressure in the condenser, for instance, — are 
proportionate approximately to the weight of steam used 
rather than to the amount of work done. 

In all practical cases, either of the formation or 
condensation of steam, the value ordinarily given as the 
latent heat of steam truly represents the amount of 
heat absorbed or liberated, as the case may be ; and 
therefore this value is correctly used in estimating the 
amount of fuel required to generate, or water to con- 
dense, a given quantity of steam. The fact, however, 
that only a portion of this heat is in reality latent, the 
remaining portion being directly transformed into work, 
or from work into heat, in condensation, will throw 
some light on the action of steam in the cylinder of the 
engine. 
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CHAPTEE n. 



THEOBETIOAL INDIOATOR DIAGRAM. 

The indicator diagram is, of course, the key to the 

action of the steam in the cylinder. A part of the 

work performed by the steam is spent in overcoming 

the friction of the engine itself, and consequently the 

efficiency of the engine is most fairly tested by the 

amount of external work absolutely performed against 

a brake or otherwise. Where the efficiency of the 

steam alone is concerned, however, the diagram is the 

only true criterion; and it will be necessary to deal 

with its theory carefully to prevent misimderstandings 

which are frequent in practice. 

Fig. 1 represents an indicator diagram, not, indeed, 

actually taken _ 

^ ^ J. Fig. 1. 

from an engine, 
but drawn as a re- 
presentative one, 
although differing 
in one or two re- 
spects from those 
obtained in prac- 
tice. In the first 
place the horizon- 
tal hne of exhaust, ocZ, is supposed to coincide with 
the zero of pressure, that is to say, the vacuum is 
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assumed to be perfect. The reason for this is that an 
inquiry into the action of expanding steam must deal 
with the whole of the work performed, and not with that 
part of it only which is utilized through the piston-rod. 
It has been already remarked that back pressure is a 
force which aids the strain in the piston-rod in opposing 
the advance of the piston, and for our present purposes 
it will not matter how much of the total opposing force 
is due to it. In every diagram the total amount of 
work done during one stroke is represented by the area, 
not of the figure usually taken, bounded below by the 
back-pressure line, but by one carried right down to the 
zero line ; while another diagram taken simultaneously 
from the exhausting side of the piston, and bounded 
above and below by the back pressure and zero lines 
respectively, would represent the value of the wasted 
work. 

The latter figure may be subtracted from the former 
by placing the one upon the other, with the zero lines 
in contact ; the result being a diagram showing the 
amount of work which has been utilized. The diagram 
obtained in practice differs from such a one as this, in 
the fact that the figure deducted on account of back 
pressure from that representing the total work, is taken 
from the same side of the piston as the steam line, 
and at another time, whereas the opposing force must 
obviously act on the other side of the piston, and 
simultaneously with the pressure of the steam which it 
resists. In fact the back-pressure lines of the diagrams 
taken from the two ends of the cylinder should in 
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reality be exchanged, but in ordinary cases in which 
the diagrams are very similar, or when the values 
obtained from both are added together, the ultimate 
results are not affected. In finding the variation of 
strain upon the crank, however, during the stroke, it 
is most important to take the steam and back pressures 
which correspond in time, and to obtain these the back- 
pressure lines must be reversed. Further reference 
will be made to this below. 

In the diagram shown in Fig. 1 the atmosphere 
line is omitted, the reason being that it is not wanted. 
It serves in ordinary cases partly as a starting point for 
measurement, in the absence of a zero line, which would 
serve the purpose better ; and also, perhaps, partly to 
give a rough idea of the size without the necessity of 
using a scale, just as the figure of a man is used in an 
architectural drawing. 

Few diagrams, except perhaps those taken from 
engines having Corliss, or some similar valve gear, 
approach at all in the sharpness of their corners to that 
shown in the figure. The effects of " mre-drawing,'' 
" cushioning ^^ and " ZeacZ," will, however, be examined 
separately afterwards, and may, therefore, be left out 
of the question for the present. 

The Work of Admission. — Let the diagram be 
divided into two portions by a vertical line, h e, drawn 
through the point 6, at which steam is cut off. The 
rectangle ah e o represents the work done during the 
admission of the steam, or work done by " full steam " 
as it is sometimes called. If we disregard the slight 
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expansion of the steam which is necessary to its flow 
into the cylinder, we may say that up to the point of 
cut-off, it occupies as much space as it did before in the 
boiler, and is at the same pressure. It has not depre- 
ciated in value, therefore, by its change of place ; and, 
consequently, it has produced of itself no work. It 
follows, then, that the work done during admission is 
not performed by the entering steam, which, in fact, 
acts merely as the water in an hydraulic engine does, 
as a flexible connection between the real origin of the 
work, and its point of application ; the origin in this 
case being the steam which is formed in the boiler 
during the time of admission, or rather the heat which 
is expended in the process of ebullition. We have 
already seen, in considering the latent heat of steam, 
that a certain amount of work is done during its forma- 
tion, and it is this work which finds its expression in 
the rectangular portion of the indicator diagram. 
Although it is not due, therefore, to the steam in the 
cyhnder, yet it owes its existence to the formation, on 
the average, of an equcfl amov/nt of steam in the boiler, 
and may, consequently, be regarded, without serious 
error, as belonging to the former, that is to say, it may 
be regarded as the first return for the heat expended 
during its production. 

The value of the work done during admission, or 
during generation, which is the same thing, has been 
already calculated for one or two cases, and it is evident 
that it is always the product of the pressure and 
volume, or P V, when P represents the pressure of the 
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entering steam^ and V its volume up to the point of cut- 
off. For instance, if P is 100 lbs. per square inch, and 
V is 1200 cubic inches, then the work done during 
admission, represented by the rectangle aleo, is 
1200 X 100 = 120,000 mch pounds, or 10,000 foot 
pounds. 

The Work of Expansion. — Boyle's Law. — ^After 
the valve has closed, cutting off further communication 
with the boUer, the steam in the cylinder begins to do 
some work itself, by expansion, its pressure decreasing 
as it increases in volume. In order to find out how 
much work can be obtained in this way, as represented 
by the part of the diagram under the expansion line, it 
will be necessary to know what description of curve 
this is, and by what laws it is formed* The ordinary 
formulaB relating to expansion are based upon the 
following law, which sometimes bears the name of 
Boyle, and sometimes of Mariotte, a law which, as will 
be seen hereafter, must be taken with the caution that 
it is only approximately true for steam expanding 
under ordinary circumstances. 

" Thejoressure of a gas varies inversely as the volvmey^ 
or ^Hhe product of the pressure and volume of a gas is 
always a constant^^ other conditions remaining v/naltered. 

This may be stated mathematically thus : — 

p t? = a constant = P V, [1] 

where p and v represent the pressure and volume 
respectively at any point in the stroke after steam has 
been cut off. And if r be the ratio of expansion, that 
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is to say, the proportion of the terminal volume to the 

P 

initial volume V, then the terminal pressure will be — . 

For instance, if steam of 100 lbs. initial pressure be 
expanded five times, then the terminal pressure will be 
20 lbs. 

The expansion curve of a theoretical diagram may be 
easily drawn by finding a few points on it by geometrical 
construction, or by calculating a few values of p from 
equation [1]. The geometrical method is very rapid 
and simple. In Fig. 1 through any point fined draw 
a vertical line, join a/, and through h draw a line bg 
parallel to a/, and cutting the vertical line through/ 
in g. Then ^ is a point on the curve. A few points 
being found in this way, the curve must be drawn in by 
hand. It will be found to be a hyperbola, and anyone 
familiar with the properties of the conic sections will 
recognize equation [1] as that of a rectangular hyperbola 
referred to its asymptotes as axes. 

The area of the expansion portion of the diagram bcde can now be 

fonnd. Since 



Area bcde =J*pdv = / 

= log. ^ 0. 

Taking this between the limits V and r V, which are respectively the 
initial and terminal volumes, we have 

Area bcde = C log.^r; 

and since by equation [1] = P V, 

Area bcde = PV log.^r. [2] 

Adding to this the area of the rectangular part of the diagram, we 

obtain 

Total area of diagram = P V (1 + log. ^ r), [3] 
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which, when diyided by the terminal volnme rV, gives the mean or 
average pressure throoghont the stroke ; 

. p 
Mean pressure = — (1 + log. r), [4] 

This is the ordinary formnla given in text-books on steam, and from 
which tables of mean pressures are calculated. 

It is easy to see, as well from the diagram as from 
equations [3] and [4] or from the tables of mean 
pressures, that as the ratio of expansion increases the 
total work done also increases, but at a constantly 
slackening rate. Thus for an increase of r from 2 to 4, 
and another from 4 to 8, the increase of total work is in 
the proportion of 1* 693 to 2 '386 in the first case, but 
only 2 • 386 to 3 * 079 in the second. In fact, by doubling 
r we do not double the total work, nor, indeed, increase 
it in any fixed proportion, but in each case a fixed 
amount is added to it, namely, '693 of the direct or 
fuU steam work. Hence consecutive additions of • 693 
of the direct work are obtained at the cost of additions 
to the final volume of 1, 2, 4, 8, 16 etc. times the 
initial volume respectively. 

A curve may be drawn showing the relations between 
the total work done and the ratio of expansion, by using 
the values of the latter as horizontal dimensions, as in 
the indicator diagram, while the vertical dimensions 
give the corresponding total amount of work, instead 
of pressure as in the ordinary diagram. These latter 
will be found from equation [3], and in drawing the 
curve it is convenient to use the same imit of measure- 
ment for the work as for the ratio of expansion, in 
which case the vertical dimension becomes simply 
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1 + leg.,*"- The curve produced is shown in Fig. 3, 
marked a, and it corresponds to the expansion cuire 




Fio.8. 



marked a in Fig. 2 above it, the values of the ratio of 
expansion coinciding in each. It may be called the 
curve of vxirk or e^wiency. From equation [3] it is 
evident that it rises continually, although with de- 
creasing rapidity ; and since log., r may be increased to 
any extent by taking a sufficiently large value for r, 
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therefore the height to which the curve rises if con- 
tinued far enough is unlimited; — ^in mathematical 
language the curve has no horizontal asymptote. In 
other words there is no limit to the amount of work 
obtainable from a fixed amount of steam, if only ex- 
pansion be carried sufficiently far. This result, which 
is obviously absurd, since steam is not a creator, but 
only a vehicle of force, and therefore can convey a finite 
quantity only, follows irresistibly from Boyle's law of 
expansion. We are consequently led to the conclusion 
that for some reason the law is not strictly applicable to 
the case of steam expanding in the cylinder of an engine. 
The cause of this becomes apparent on a further 
examination of the law, the last clause of which 
stipulates that all the conditions of the case shall 
remain unchanged, except the volume and pressure. 
The temperature, therefore, must be constant. Hence 
the law applies only to a gas expanding without itself 
doing work, that is to a gas to which heat is constantly 
supplied from without, which heat is the source of the 
work performed. Where no such external source of 
work exists, the expanding gas must give up some of 
its own heat, and the diminution of temperature which 
results is necessarily accompanied by a corresponding 
diminution in volume, or rather by a less increase of 
volume than would otherwise take place. This is the 
case with steam under ordinary circumstances, and 
even when heat is supplied to steam during expansion, 
it is not sufficient to prevent entirely any lowering of 
the temperature. 
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CHAPTER III. 

EFFECT OF COOLING DURING EXPANSION. 

In finding out what allowance must be made for the 
effect of cooling during the expansion of steam under 
pressure, we shall have to suppose that no loss or gain 
of heat takes place from without ; that is to say, that 
the sole cause of alteration of temperature is the work 
produced. 

We will call v the volume, and r the temperature 
(absolute) of a pound of steam of pressure p. We will 
suppose that the volume remains constant, while the 

pressure is reduced to ^ by lowering the temperature to 

- . This will be effected by the removal of ^r x * 37 units 

of heat, ' 37 being the specific heat of steam at constant 

volume. Now let the pressure remain constant at -^ , 

and let the heat which has been removed be restored 
again, the volume being meanwhile allowed to increase. 
The augmentation of temperature will be 



'48 



since '48 is the specific heat of steam under constant 
pressure; and adding this to the temperature at the 
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end of the first part of the process, we obtain the final 
temperature, 

The alteration of volume will be proportional to that of 
the temperature during the second half of the operation, 
and the final volume is therefore 

This shows a falling off of temperature of • 12 of r, and 
of volume of '23 of v, from what Boyle's law would 
have given. 

The experiment just described may be represeMed 
by a diagram, as in Fig. 4, in 
which the area cdef indicates 
the work done during the ex- 
pansion of the steam by the 
restoration of its heat, this 
amount of work requiring a 
certain reduction of tempera- 
ture in the end ; and, therefore, 
a smaller volume than would be in conformity with 
Boyle's law, as shown by the dotted lines. The con- 
ditions of this experiment are evidently different from 
any which occur in practice, since the variations of 
pressure and volume are here specially arranged to 
take place successively instead of simultaneously, the 
effect of this being the production of a smaller amount 
of work, and therefore not so great a reduction of 
temperature. 

<i2. 
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In every case, such as the above, whatever the expanding gas may 
be, if 7 be the ratio of the specific heat aj; constant pressure to that at 
constant volume, then it is evident that 

y = , 

or, using the differential notation, 

Ap being a decrement. 
And since during the first part of the process the decrease of r is 

proportional to that of p, while in the second part the increase is - 

7 

of the former decrease ; therefore, if A r is the total decrement, 

T \ y/ p 
Now in equation [1] let the increments diminish without limit, then 

d V V 

dp p 

from which we obtain by integration 

7log.^tj = C-log.^;?, 

or v-yozp, [3] 

From equation [2], when the increments diminish without limit, 

dp \ y/ p 
and integrating, as before, 

log.,r = (l>i)log..p + C,. 

These two equations, [3] and [4], represent, therefore, the relations 
between the pressure, volimie, and temperature of gas imdergoing 
expansion without loss or gain of heat from without. 

For steam 7 is *48 divided by '87 or 1*3, and equations [3] and [4] 

become 

p oc tJ-i-8. [5] 

TOcp*». [6] 
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It must be remembered that these equations hold 
good only on the condition that the steam expands as 
a fixed gas, that is to say, without condensation, a con- 
dition which is complied with in rare cases only, as will 
be shown immediately. 

A diagram may be drawn from equation [5] by finding 
a few values otv by means of common logarithms, and 
setting off a few points on the curve as betore. The 
curve produced is shown in Fig. 2, marked 6, the one 
marked a being the hyperbola obtained from equation 
[1], page 13, and representing expansion by Boyle's 
law. The divergence of the two curves at first is very 
considerable, but as they recede from o they gradually 
converge again. They never meet, however, and the 
interval between them decreases more slowly than 
the distance of either jfrom the horizontal line of zero 
pressure o z, which is an asymptote to both. The zero 
of volume is also theoretically an asymptote to each 
curve at the other end, but this fact has no practical 
significance. For convenience in comparison, the two 
curves are drawn, intersecting at/, the unit of volume. 
Any arbitrary value may be given to the pressure at 
this point to suit the circumstances, since the equations 
employed are relative only. 

The amount of work done, as represented by the area of a diagram 
drawn in conformity with equation [5], may now be found. The 
direct work wiU be PY, as before. For the expansion portion of the 
diagram, since 
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Taking this between the limits V and r V, the initial and tenninal 
volumes, we have 

Area required = A -r-n q y _ .3 . 
But since 
therefore 

and substituting this value of C in the foregoing equation, we obtain 



Area required = P V ( — — j ; 



and adding to this the rectangular area representing direct work, 

1 -r-'8 



Total area = P V (1 + !o ) 



This equation, which represents the relation of the total 
work done to the ratio of expansion, on the supposition 
of steam expanding as a fixed gas, may be embodied in 
a curve of eflSciency, as shown in Fig. 3, marked /8, 
similar to the one obtained from Boyle's law, marked a. 
It was stated before that the latter curve rose to an 
indefinite height, there being no limit to the value 
to which the total work might attain. This is not 
'the case, however, with the value of the total work as 
given in equation [7] ; for as r increases indefinitely, 
this value approaches to P V x 4*33 as a limit. 
Hence the curve of efficiency just obtained cannot rise 
above this amount ; in other words, it has a horizontal 
asymptote at this height. This result appears, at least, 
nearer to the truth than the former; which is palpably 
absurd. 



OF OOOUDQ DtTBIKO EXFASBIOH. 



OONDBNSATION PbODDOED BT EXPANSION. — The 

relstion of the temperature and presBure of eteam, ex- 
panding as a fixed gas is given in equation [6] page 20. 
This aiao may be embodied in a curve, in the same 
manner as equations [5] and [7], although the form of 
th© curve will be entirely diETerent. It is shown in 
Fig. 5, marked h, the horizontal dimensions representing 
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pressure, and the vertical ones temperature, the zero of 
the former only being shown on the diagram. So far 
as this curve is concerned the initial temperature and 
pressure might both be arbitrary, since equation [6] is 
purely relative. They have been taken, however, at 
790° Fabr. absolute, and 100 pounds on the square 
inch respectively, to facilitate comparison with another 
curve, marked e in Fig. 5, which represents the relation 
between the pressure of steam and its temperature of 
saturation, that is to say, the lowest temperature at 
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whicli it can exist, in feet the boiling point at any pressure. 
This curve is generally known as Eegnault's curve, 
being the result of a long series of carefully-conducted 
experiments undertaken by M. Eegnault at the request 
of the French Academy. 

In Fig. 5, curve h falls very much more rapidly than 
curve €, which means that the theoretical temperature 
of steam expanding as a fixed gas falls during the pro- 
cess much more rapidly than does the temperature of 
saturation. Hence, if at the commencement the former 
is higher than the latter, it will not long remain so, and 
would ultimately fall below it, if that were possible. 
For instance, if steam of 100 lbs. pressure per square 
inch, at a temperature of 790° Fahr. (absolute) were 
expanded to a pressure of 50 lbs., the temperature which ' 
would result would be, according to the curve above 
found, 673°, whereas the boiling point at that pressure is 
742°, which is 69° higher. It is therefore evident that 
saturated steam in expandinff requires more heat for 
transformation into work than that which it can liberate 
ly a diminution of its own sensible heat, the possible amotmt 
of this diminution being limited to the extent indicated by 
BsgnauWs curve. In the absence of any external sou/rce 
of heat, the remainder of the heat required can only be 
supplied by the condensation of a portion of the expanding 
steam; this condensation, which sets in immediately 
the temperature of saturation is reached, resulting in 
the liberation of latent heat to the extent needed. The 
work produced is therefore the effect of the expenditure 
both of sensible and of latent heat. 
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The fact of the partial condensation of saturated 
steam expanding without receiving heat from external 
sources is not dependent for proof upon theory only. 
The expansion may be accomplished in a glass cylinder, 
when a cloud or mist will be observed to form, which is 
due to condensation, since dry steam is invisible. This 
cloud is also seen over a locomotive funnel, or any jet 
of steam issuing under considerable pressure, when 
work is done by the expansion of the steam against 
the pressure of the atmosphere. If the pressure of the 
steam before escaping is comparatively low, so that very 
little expansion takes place, the steam is hardly, if at 
all, visible. 

The mathematical relations between the volume and 
pressure of steam expanding continually at the tempera- 
ture of saturation, and therefore constantly undergoing 
partial condensation, are very intricate, owing partly to 
the difficulty of expressing Eegnault's curve accurately 
and briefly, and also to the variation of the latent heat 
of steam at various pressures. A full examination of 
the subject will be found in Professor Eankine's 
* Manual of the Steam Engine,' § 281 et seq., but prac- 
tically the formulae there obtained appear to be too 
cumbrous for ordinary use. In § 285, however, a very 
convenient and simple approximation is given, which 
is very nearly accurate when the initial pressure lies 
between one and twelve atmospheres, or from 15 to 
180 lbs. This formula is 

J3 0C0"», 



26 ECONOMY IN THE USE OP STEAM. 

and it may be solved in particular cases by means of 
common logarithms. 

The diagram produced by using this equation for 
tracing the expansion line is shown in Fig. 2, curve c?, 
which is drawn intersecting the two curves already 
found, namely a and h, at the point /, the initial pres- 
sure being arbitrary as before, provided that it falls 
between the limits named above. 

This curve d forms the second and comparatively 
correct alteration of the expansion line from that given 
by Boyle's law, which we found to be applicable only in 
the case of a gas expanding without doing work ; while 
the former alteration, viz. curve t, applied to a working 
gas, but not to a vapour which condenses during the 
process. 

In comparing these three curves as shown in Fig. 2, 
the most noticeable fact is that while the curve t, for 
non-condensing steam, deviates considerably from the 
hyperbolic a, that for saturated steam d lies nearly 
midway between the other two, instead of still further 
from the hyperbolic, as might at first sight have ap- 
peared to be probable. This indicates that, casteris 
paribus^ steam condensing during expansion produces 
more work than the Same volume of superheated steam 
expanding from the same initial pressure without con- 
densing. The condensation of steam in the cylinder is 
therefore not detrimental to economy, hut the very reverse. 
From one point of view the reason for this increase of 
work,— or of volume corresponding to any given pres- 
sure, — in the case of condensing steam appears to be that 
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the temperature is much higher, as already shown, than 
the theoretical temperature which would result if con- 
densation did not intervene ; and the larger volume due 
to this higher temperature more than compensates for 
the loss of volume by condensation, which loss it must 
be remembered is very small owing to the high latent 
heat of steam. In short the result of condensation is 
that there is a little less weight of steam, hut it is much 
hotter^ and consequenUy more lulky, than it otherwise 
would he. 

Begarded from an economical stand-point the increase 
of eflSciency may be accounted for by the fact that some 
of the latent heat of the steam becomes transmuted into 
mechanical work, instead of passing on unused to the 
condenser, and so being thrown away with the discharge 
water. All the heat which enters the condenser, 
whether sensible or latent, except a certain smaU per- 
centage which is restored to the boiler in the feed 
water, is wasted so far as mechanical effect is concerned. 
It has only served to render the transformation of other 
heat into work possible, being one of the conditions of 
the working of the engine, like the stiffness of the piston- 
rod; and where steam is used without expansion, the 
latent heat residing in it serves solely to give to it the 
quality of resistance, in order that it may form a 
flexible connection between the source of work and its 
point of application, as shown above. Condensation in 
the cylinder is therefore a means of utilizing some of 
this heat necessarily employed, but which otherwise is 
ultimately aU wasted. In either aspect of the matter 
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therefore the increase of eflSeiency shown by curve d, 
due to partial condensation, appears to be in harmony 
with what we should have expected. 

Although this theory has been well established, almost 
contemporaneously by Clausius in Germany and by 
Bankine in England, it has been ignored or set aside by 
some recent writers on the steam-engine, whose works 
appear to us to have suffered materially in consequence. 
For instance, it is much to be regretted that Mr. P. 
Kaiiffer's Treatise on * Steam in the Engine, its Heat 
and its Work,' * in spite of the valuable suggestions it 
contains, supports the old theory. His argument 
against condensation taking place in the cylinder is 
that since heat is set free during the compression of 
steam, it foUows that absorption rather than liberation 
of heat must take place during expansion. This argu- 
ment needs only to be followed out to its legitimate 
issue to prove the fact of condensation in the cylinder ; 
for it is because this absorption of heat for transforma- 
tion into work is in excess of that supplied by the 
greatest possible decrease of temperature of the steam, 
that recourse is necessary to the store of latent heat in 
the steam, the abstraction of some of which reduces a 
corresponding amount of the steam to water. Probably 
the misapprehension arises in this case from the loose 
meaning commonly given to the term "latent heat,*' 
as already pointed out. This appears in the following 
sentence, where the reference evidently is to heat trans- 
formed from or into mechanical work, not to that which 

* Blackie and Son, Glasgow and Edinburgh, 1873. 
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is an essential condition of change of state, as from 
solid to liquid. "Latent heat is set free when the 
molecules are brought nearer by mechanical compres- 
sion, and heat is bound or transformed into latent heat 
duriug the reverse operation, which is expansion." 

The efficiency of steam expanding at the tempera- 
ture of saturation, and partially condensing during the 
process, may now be determined. 

It has been remarked that the formula 

10 

p = Ov" » 

gives a rate of efficiency about midway between those given by Boyle's 
law and that for uncondensing steam. The mathematical expression 
for the area of the diagram is found as follows : 

Area of expansion part —Jpdv 

10 

:=lJQv'' 9 dn 

1 

= — 9Ct?~9. 

Taking this between the limits V and r Y, and for C substituting, as 

10 

before, its equivalent P V », we obtain 

Area of expansion part = 9PV\1 ^ r^i) , 

Let the area of the rectangular portion of the diagram now be added, 
then 



Total area = PV 



i"-^)- 



From this equation a curve may be drawn to represent 
the efficiency or work done for any given rate of ex- 
pansion, by means of common logarithms as before. It 
is shown in Fig. 3, marked S, and lies between those 
marked a and fi in the same manner that the line d in 
Fig. 2 does between a and h. In the equation it is 



OO ECOMOUY IN THE USE OF STE&U. 

evident that when r increases without limit, the value 
of the total aiea approaches to a limiting value of 
10 P V ; hence the curve B 'has a horizontal asymptote 
at the height which represents this value. These h'mit- 
ing values or horizontal asymptotes to the curves ^ and 
S are interesting as showing the relations of these curves 
to each other, and to curve a, which has no asymptote. 
It is very important, however, to remember that neither 
practically nor theoretically do they represent the limit 
to the amount of work obtainable from the steam, since 
the formulas from which the first curve ff is deduced 
apply to steam expanding for a short time only, and 
even then not with absolute accuracy ; while the formula 
which forms the basis of curve S is only a near approxi- 
mation, and deviates very considerably from the truth 
in extreme cases, either of very high or very low 
pressure, or of exceptionally high rates of expansion. 

It is not worth while to have recourse to long and 
cumbersome formulce in order to attain an amount of 
accuracy which is lost again by the unavoidable uncer- 
tainties and errors in the data needful for applying them 
in practice ; and consequently even the above appmri- 
mations will hardly supersede those based on Boyle's 
law and the hyperbolic curve for oi-dinary purposes. A 
more general knowledge, however, if not of : 
formulae themselves, at least of the principles q 
they are based, might prevent msmy errors in ] 
as well as in theory. The most fruitful e 
errors lies in the application of a 
true in certain ordinary cases 
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which its Gcviaticii iroia ib? truth is perhaps also ei- 
treme. Tiiu; ;"-e tiror r^^iiltiii;:fromtheii5ecf Bovle's 
law in dct«r:i.iiiiu2 th'^ mean or tenninnl pressure in a 
cvlindcr m^y be sniaU as compared with th(i#e rwalting 
from imcfnainty ci t'lie true rate of expaiL*ion, owin-,' 
to ■wire-ira'>*i'-'-T steam enckised in passages, clearaatr"-, 
&c. But wlien the law is ust-d as tlie basis of a calcuk- 
tion of the eoonomy of using very high preggme* ai,d 
extreme rat'-s of expansion, the error is by no nitunji 
insignificant, and it is cne against which practical m-u 
should he oil their gnard ; for even in a paper on tbi* 
subi-^ct read hy Profe^r Osborne Beynolds bj th.- 
Manchester Asw^iation of Emplojeis, Foremen En- 
gineers, anil I.traushtsmen, tbe ralne of some oth»rrwi«: 
useful and caretV.lly-prepared Tables is gerionslyimjMJr.:-] 
by their heiii? b >^e'l npon thig law. Jbese Tall^. ar- 
headed hy the remark that the cjlinders ate Ripi->^.-J 
to be kept drj- hy a steam jacket or otherwiy- (,:. i 
since tbe ratio ot expanskm ig fomrf by dirioiL:.' •..■-': 
initial by the final pre«ir(^ it foIlo„ j^jj^ jj^^ ^, ' 

5ed to retain ilft|^ 
words to do no i 



amount of eteam 



tbi^ r:;^^: 
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give a ratio of expansion of 61, while the formula at 
page 25, for steam expanding under these circumstances, 
which may be taken as at least more correct than 
Boyle's law, gives only 40*4. The extent of the error 
in the eflBciency is not so great as the error in the 
ratio of expansion, but it will be found to amount to 
about 20 per cent. From the head note to the Tables 
it would appear they were framed on neither of these 
suppositions alone, but on both combined, Boyle's law 
being taken as nearly true of steam expanding at the 
temperature of saturation, but kept from condensation 
by a steam jacket, and the consumption of steam in 
the jacket being neglected as insignificant. By this 
means the error is merely so divided as to escape notice ; 
its total amount remains substantially the same. The 
subject will be further pursued in dealing with the 
steam jacket. 
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CHAPTER IV. 

THE STEAM JACKET. 

It has been already shown that the condensation of a 
certain portion of the steam expandiDg in a cylinder 
results in a greater volume corresponding to any given 
pressure than would be the case if expansion took place 
without condensation, other circumstances being the 
same. Hence it might appear to follow that the 
prevention of condensation would be detrimental to 
economy. Steam jacketing has this very object in 
view, namely, the prevention of condensation in the 
cylinder by supplying heat to the expanding steam. 

This subject has two aspects, the geometrical aspect 
presented by the diagram, and the economical aspect. 
Looked at from either of these points of view the result 
is the same. 

In the first place, referring to the expansion curves 
shown in Fig. 2, the effect of condensation was seen to be 
the alteration from curve b to curve d, that is to say an 
increase of efficiency, which was explained on the ground 
that the increase of temperature more than compensated 
for the decrease of weight. Where a steam jacket is 
used the increased temperature, that is the saturation 
temperature, is retained, witlumt decrease of weight. 
Hence the volume corresponding to any given pressure 
is greater, and the amount of work done also greater in 
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this case than in that of condensing steam, and the 
expansion curve produced with a steam jacket should 
therefore lie between curve h and the hyperbola, a. Its 
position is given approximately by the formula 

17 
p OC C " 16 , 

it being assxmied that condensation is completely pre- 
vented. This aj^ears to be usually the case where the 
steam jacket is properly employed, since wet steam is 
a rapid absorber of heat, while dry steam is a very slow 
one, consequently no great departure from the tempe- 
rature of saturation takes place on one side or the other. 
It cannot be expected, however, that in cylinders of great 
diameter or with a very rapid stroke the efifects of the 
steam jacket will reach the middle of the cylinder 
quickly enough to prevent condensation. 

From the other — ^the economical — ^point of view the 
result of the jacket is to obtain work from steam which 
does not enter the cylinder, by condensing in the jacket 
instead of in the cylinder, it being remembered that 
this condensation is due to the transformation of latent 
heat into mechanical energy. The amount of work 
done in proportion to the steam used in the cylinder, 
is certainly increased by this means ; but it does not 
follow that there has been an increase of eflSciency, since 
the expenditure of steam is now not only that used in 
the cylinder, but also that which is condensed in the 
jacket. The direct result therefore is to send more 
uncondensed steam, and so more latent heat, to the 
condenser at each stroke. On these theoretical grounds 
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therefore it would be difiBcult to show any appreciable 
increase of economy resulting from the jacket, although 
it might be very useful to increase the power of an 
engine which was too smaU for its work without altering 
its rate of expansion. 

The real advantage of the steam jacket must be sought 
for in the fact that the condensation in the cylinder 
which it is intended to prevent is indirectly a great 
source of loss. A cloud or mist is produced, which is 
thickest at the end of the stroke, and during the ex- 
haust. This removes heat from the cylinder partly 
perhaps by direct conduction, but chiefly by settling as 
dew on the surfaces during the stroke and evaporating 
again during the exhaust, when the pressure is reduced. 
The latent heat taken up during this evaporation is 
borrowed from the metal of the cylinder, and must be 
repaid by the steam which enters for the next stroke, 
and which can ill afford to be thus cooled at the outset. 
A certain amount of alternation of temperature is a 
necessary consequence of expanding under ordinary cir- 
cumstances, and any cooling of the metal of the cylin- 
der which takes place during the droTce, adds, by heating 
the ^am, to the small end 
of the diagram ; while the 
reheating at the commence- 
ment of each stroke takes 
away an equal portion from 
the other end. The dotted 
line in Fig. 6 represents this action, and it is evident 
that no great loss results so far. But any cooling of the 
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cylinder which takes place during the exhaust requires 
the subtraction from the beginning of the diagram with- 
out any corresponding compensation at the end, and this 
cooling is greatly assisted by the presence of moistu;*e. 
It will vary in extent in different cases, being very slight 
where the terminal pressure in the cylinder is the same 
as the back pressure in the condenser, and increasing as 
the difference between these increases. Where a steam 
jacket is used, and condensation during expansion con- 
sequently reduced to almost nil, the only source of loss 
of heat during the exhaust is by conduction and radia- 
tion, and it is no doubt not very great, although reheat- 
ing of the metal of the cylinder commences probably 
very soon after the exhaust opens. 

The use of the steam jacket has been somewhat 
extended of late. It was originally applied to the 
body.of the cylinder only ; then to the end and cover, 
and finally some engineers have admitted steam to the 
piston. This is, of course, expensive, and involves 
extra joints; but it no doubt tends to economy ap- 
preciably where the surfaces are large. It seems 
probable, however, that more advantage accrues from 
the steaming of one square foot of the working barrel 
of a cylinder, than of an equal area of cover or piston, 
since the former is always kept comparatively clean by 
the friction of the piston ; while the latter surfaces soon 
become coated with a black carbonaceous deposit, the 
product of the partial decomposition of the lubricants, 
which prevents the passage of heat to the steam in the 
cylinder just as in a familiar experiment a similar 



I 
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deposit on the bottom of a kettle protects the hand on 
which it rests. 

With regard to hot-air jackets little need be said, 
as they are not extensively used. Steam is a more 
convenient and economical carrier of heat than a fixed 
gas, and a supply is always at hand; hence it is almost 
invariably employed. The practice of jacketing with 
exhaust steam is happily now almost entirely aban- 
doned, and it is surprising that anyone should have 
expected that cold steam would give up heat to warmer 
steam. It is also objectionable to supply the jacket 
with steam which is on its way to the cylinder, the 
result being to condense the steam partially hefore 
instead of dwring expansion. The steam for the jacket 
may be taken from the steam chest, or steam pipe> 
but should not be returned: the condensed water is 
blown out occasionally. 
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CHAPTER V. 

SUPEBHEATING. 

The object of the steam jacket is to supply heat to the 
expanding steam, in order to prevent its partial con- 
densation. Another way of attaining the same result, 
to some extent at any rate, is to impart an extra supply 
of heat to the steam before it enters the cylinder, and 
this is called sv/perheating^ since the temperature is 
raised above that of saturation. The extra supply of 
heat is sensible heat, and it produces an increase in 
the volume of the steam proportionate to the increase 
of the absolute temperature, since the pressure is not 
altered in the process. 

It has been shown above that the expansion of steam 
as a fixed gas, which may be taken as the state of 
superheated steam, is represented by the equation 

and the resulting expansion line is marked h in Fig. 2. 
Also it was shown that the temperature under these 
circumstancesi follows the law 

and the corresponding curve is shown at 5, Fig. 5. 
From this latter equation and curve it appears that the 
fall of temperature is so rapid, that the point of satura- 
tion is reached after a comparatively short period of 
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expansion, and from that time partial condensation 
takes place unless prevented by the use of a steam 
jacket. Consequently under these conditions expansion 
commences by curve 6, Fig. 2, and then after a time, 
the length of which depends of course on the extent 
of superheating, continues by a curve similar to d. 
Now, as the curve h lies within the curve cZ, when 
starting from a common point, it follows that a given 
volume of superheated steam would produce in expand- 
ing a diagram within and smaller than that which 
the same volume of saturated steam would give, and 
the excess of the latter over the former would be 
greater the greater the degree of superheating. This 
is illustrated in Fig. 7, where the fuller expansion line 
is that of saturated steam^ 
expanding, without loss or 
gain of heat, from a pressure 
of 100 lbs. on the square inch ; 
while the other curve repre- ^ 
sents the expansion of the 
same volume of superheated 
steam, the initial temperature 
of which is 400° Fahr., or 91° 
above the temperature of saturation. In this case a 
pressure of 53 lbs. is reached before condensation 
begins, but from that point the expansion follows the 
law for saturated steam, and the pressure maintains a 
fixed relation to that of the steam which was not 
superheated, at any given volume. 



Pig. 7, 




Volume for volume therefore mtwated steam is vjorth 



40 ECONOMY m THE USE OP STEAIL 

more than superheated, at the same pressure, htU in 
comparing equal weights the advantage lies obviously on 
the other side, both because superheated steam contains in 
itself m^re heat, a/nd also because direct work is done i/n 
the process of superheating. The whole of the extra 
heat so expended may be transformed into work, by 
working with a rather higher ratio of expansion than 
would otherwise be used, in order to avoid an increase 
of the terminal pressure and temperature of the steam ; 
and under these conditions a saving is certainly the 
result ; but it is not a very great saving, owing to the 
obstacles which in practice prevent superheating from 
being carried beyond certain limits. The chief object 
of superheating appears, in fact, to be not so much any 
direct economy which may result, as the prevention of 
one great cause of inefiSciency, namely, the use of wet 
steam or vapour. Long steam-pipes, or want of lagging, 
or a slight but continuous priming of the boiler, are 
some of the causes of the steam entering the cylinder in 
a moist state ; and the remarks made above on the loss 
resulting from condensation during expansion apply 
here with still greater force, for in this case the 
moisture is owing to waste or deficiency of latent heat, 
instead of to its transformation into work. The water 
serves both as a vehicle of its own heat from the boiler 
to the condenser, and also takes up even more heat by 
evaporating from the surface of the cylinder during the 
exhaust. 

On the other hand, a little moisture in steam is 
said to serve as a lubricant to the working sur£Ekces> 
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and several cases have occurred in which superheating 
has resulted in a great amount of friction and wear of 
valve-faces and cylinders. 

Again, for superheating which goes further than 
drying, and indeed for drying only at high pressures, 
a temperature is required which chars the packing in 
the glands and the oil or tallow used as a lubricant 
This difficulty as regards the glands may be overcome 
apparently by the use of metallic packing ; and for the 
other matter the use of lubricants in cylinders and 
steam chests is beginning to go out of practice, owing 
to the verdigris formed in the surface condenser, 
which when returned into the boiler produces severe 
corrosion. 

Superheating then should aim at hardly drying the 
steam supplied to the engines where a surface con- 
denser is used; and with this precaution it appears 
probable that lubrication might be dispensed with in 
almost all cases. 

The term ^^ combined sleam^^ has been applied to 
sUghtly superheated steam resultmg from a mixture 
in the steam chest of superheated and saturated steam 
arriving by different passages, but from the same 
boiler. The only apparent advantage of this arrange- 
ment is that it enables the degree of superheating to 
be easily and accurately regulated, and so the state 
above recommended, namely that just short if anything 
of dryness, may be obtained. 
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CHAPTER VL 

THROTTLING AND WIEB-DBAWING. 

When steam is reduced in pressure by passing through 
a contracted passage, as in a stop-valve partly closed, 
or in the common "throttle-valve," it is said to be 
" throttled^ The term ^ wire-drawmg^ is almost iden- 
tical in meaning with throttling, but refers especially 
to the slow cutting ofif of steam by an ordinary slide- 
valve, the result in the diagram being a gradual skating 
downwards of the steam line until it passes imper- 

ceptibly into the expansion 

J. xO* o* 

line. Fig. 8 is an example 
of this, and the dotted lines 
show the effect of a quick 
cut-off obtained by means 
of an expansion valve. A 
very slight examination of valve gearing shows that it 
is impossible to obtain an early cut-off without a certain 
amount of wire-drawing, when a single eccentric con- 
nected directly to the valve spindle is used. If under 
these circumstances an earlier cut-off than at half 
stroke is attempted, the wire-drawing becomes excessive. 
Numberless forms of valve gear have been arranged to 
avoid wire-drawing with high rates of expansion, the 
commonest and simplest being by means' of double 
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eccentrics and slides, gridirons, &c., which may be 
designed to give a sufiSciently rapid and early cut-off 
for ordinary purposes. There is another class of valve 
gear represented by the Corliss, which is in fact an 
arrangement of steam cocks opened and closed quite 

Fig. 9. 




suddenly by means of steam springs. Fig. 9 is a dia- 
gram taken from an engine fitted with Corliss gear, and 
it shows a perfectly steady steam line for one-eighth 
of the stroke, and then a sharp cut-off, with expansion 
through the remaining seven-eighths of the stroke. 

The effects of wirq-drawing and throttling are more 
complicated than would appear at first sight. A common 
but unsatisfactory argument against both is that such 
expansion is unaccompanied by work, and is therefore 
wasteful. Where no work is performed, no expenditure 
of heat will take place, and hence we should infer that 
the temperature of steam would be the same after ex- 
pansion, in such a case, as it was before. This has been 
proved to be very nearly true by experiments in which 
the steam was allowed to expand through a porous 
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plug — a clear case of throttling. The slight loss of 
temperature which takes place is greater the more 
moisture there is present ; and it may be accounted for 
on the supposition that the friction of the steam against 
the passages results partly in electricity, which is one 
form of force, and therefore is produced at the expense 
of some other form ; in this case heat. Electricity is a 
too favourite resource for accounting for unexpected 
phenomena, but in the present case the hypothesis is 
supported by some amount of proof, since the friction 
of steam escaping through tortuous and difiBcult pas- 
sages formed in boxwood, has been used successfully 
for the production of electricity in considerable quan- 
tities ; indeed, a machine constructed upon this prin- 
ciple appeared many years ago in one of the exhibitions, 
but it was never put to any practical use owing to its 
want of economy. A description of it will be found in 
books on electricity. 

Neglecting for a moment the slight loss of heat which 
occurs during throttling, and assuming that the tem- 
perature remains unchanged, we are led to the con- 
clusion that satvrated steam becomes superheated during 
the process; not indeed by any addition of heat, but 
by the reduction of pressure and consequent reduction 
of the temperature, which corresponds to saturation. In 
practice, the fall of temperature of the steam is not so 
great as the fall of the temperature of saturation, and 
consequently superheating does actually result to a 
greater or less extent according to circumstances. The 
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advantage of this must be admitted when the wasteful- 
ness of wet steam is remembered, but it hardly com- 
pensates for the loss which we shall find to accompany 
it in practice. 

If absolutely no work were performed by steam during 
the process of throttling, no alteration would take place 
in the amount of work obtainable from it, and therefore 
there would be no depreciation of its value. It would 
be a mistake, however, to infer that the slight loss 
above referred to, which occurs during the operation, is 
the whole loss which results. We have already seen 
that of the whole work developed in the cylinder of an 
engine a part only acts on the piston-rod, while the rest 
is expended against the back pressure, and is therefore 
to all intents and purposes wasted. This waste in 
engines equal in other respects, namely, in total work, 
ratio of expansion, and back pressure, will be in pro- 
portion to the volume of steam used; and therefore 
although the Work obtainable from throttled steam 
may be equal to that from unthrottled, the amount 
wasted, being in proportion to the volume used, wiU be 
greater in the former case than in the latter. For 
example, 2 cubic feet of steam at 30 lbs. pressure, are 
worth as much as 1 cubic foot at 60 lbs., the tempera* 
ture being the same. If these two volumes of steam 
are allowed to expand behind pistons whose areas are 
in the same proportion, viz. as 2 to 1, the absolute 
mean pressures resulting from any given rate of ex- 
pansion will maintain the proportion of the initial 
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pressares. Let them be 16 lbs. and 32 lbs. respectively ; 
then subtracting from each the back pressm^ of say 
41bs.9 we obtain the mean effective presstire^ in the two 
cases equal to 12 lbs. and 28 lbs. ; and the work utilized 
on the piston-rods in the proportion of 24 to 28, or 
6 to 7. The loss in this case therefore is ^ of the 
whole. 

The inferenee is that throttling and wire-drawing are 
accompa/nied hy direct loss dm to the slight cooling which 
takes place during the process^ and hy indirect waste owing 
to the increased proportion of work expended in over- 
coming the haoh pressure. 
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CHAPTER VIL 

INTERMEDIATE EXPANSION IN COMPOUND ENGINES. 

Cause op Intermediate Expansion. — The foregoing 
remarks have applied entirely to the expansion of steam 
in the cylinder of an engine ; an important and rather 
peculiar case now presents itself of expansion of steam 
in leaving the high-pressure cylinder of a compound 
engine. This can be examined most simply in the case 
of an engine having an intermediate ** receiver " into 
whicli the small cylinder exhausts, and from which the 
low-pressure cylinder draws its steam. It will be con- 
venient for the present to neglect the size of this re- 
ceiver, regarding it as very large comparatively to the 
cylinders, so that the fluctuations due to the alternate 
entrance and exit of steam may be disregarded. 

At estch stroke of the engine the high-pressure cylin- 
der discharges a volume of steam equal to its own 
capacity into the receiver. During the same period 
there is drawn out from the receiver a volume sufficient 
to fill the low-pressure cylinder up to the point of cut- 
off. It is evident that if these two volumes, namely, 
the volume of the steam sent in and the volume of 
that drawn out of the receiver at each stroke, are the 
same, then the pressure at which the steam enters and 
leaves will be the same also. But if the outgoing 
volume is the greater a corresponding fall of pressure 
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must take place which will be roughly in inverse pro- 
portion to the increase of volume. Briefly then, and 
not strictly accurately, terminal high is to initial low as 
capacity of low cut-off is to capacity of high. For ex- 
ample, if the cylinders are in the proportion of 4 to 1, 
and if the low cuts-ofif at half stroke, then there will be 
a fall of pressure between the cylinders in the propor- 
tion of 4 X i = 2 to 1. 

Effects of Intermediate Expansion. — This is the 
phenomenon of intermediate expansion and its direct 
cause ; the next point will be to discover as far as pos- 
sible its effects, and to find by what law it is regulated. 
The case just given in which the capacity of the low 
cut-off is twice that of the high, intermediate expansion 
being therefore in the ratio of 1 to 2, will serve very 
well as an example. The size of the receiver must still 
be disregarded. The work done during the admission 
of steam to the large cylinder will be equal to the pro- 
duct of the pressure in the receiver, multiplied by the 
capacity of that cylinder up to the cut-off, which is 
equal to twice the capacity of the high. It has been 
shown previously that work done during admission is 
not done by the entering steam (except in a few cases, 
of which the present is not one) ; therefore the source 
of this work in the low-pressure cylinder must be sought 
for at some earlier stage. Let the high cylinder be 
just opening to exhaust ; the steam contained in it has 
a pressure double of that in the receiver, and it now 
expands suddenly down to the lower pressure of this 
steam, which it drives back through a space equal to its 
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own previous volume. The work done in this expan- 
sion is the product of the high capacity multiplied by 
the pressure in the receiver, or one-half of that done 
during admission into the low. As the piston of the 
high-pressure cylinder advances it drives out before it 
the remainder of the exhaust steam, which still fills the 
small cylinder after its sudden expansion. The work 
done during this process is again equal to the product 
of the capacity of the small cylinder multiplied by the 
pressure in the receiver, and it therefore completes 
the amount of work required to account for that done 
during admission into the low. This second portion 
is conveyed directly from the high piston to the 
low, the steam acting simply as a flexible connec- 
tion between them; and it is the part of the work 
done in the high cylinder which does not pass into the 
piston-rod, and which is represented on the diagram by 
the area under the exhaust line, as before remarked, see 
page 10. The conclusion then is that in expanding 
between the cylinders the steam does a certain amount 
of work, equal to the product of the receiver-pressure 
multiplied by the difference of volume before and after 
expansion, which is the capacity of the low cut-off mmus 
the capacity of the high cylinder. This work will be 
represented by a rectangular diagram. It is at first 
sight difficult to understand how steam expanding from 
a higher to a lower pressure should produce work 
against the latter only, instead of against a varying 
pressure as is the case in the cylinder. It is a constant 
pressure however which opposes itseK to the expansion 
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of the steam. The explanation of the diflBculty appears 
to be as follows : — ^If a small portion of the steam be 
considered apart from the rest it is clear that its expan- 
sion is more or less impeded by the inertia of the sur- 
rounding mass. Hence a gradual though extremely 
rapid change of pressure is the result, and the excess of 
pressure above that of the receiver is expended in over- 
coming the inertia of the steam set in motion. The 
total amount of this excess of work, being equal to the 
vis viva of the whole mass of steam set in motion, deter- 
mines the velocity of the flow of the steam. And when 
equilibrium is restored and the steam comes to rest again 
under the reduced pressure, the vi8 viva is transformed 
back into heat, and consequently the only permanent 
work done is that of driving back the steam in the 
receiver at constant pressure which is represented by 
the rectangular diagram. 

It is evident that steam expanding under these con- 
ditions will not obey precisely the same laws as when 
it expands against varying pressure in the cylinder. It 
is not worth while, however, to do more than state the 
relations which exist between the pressure, volume, and 
temperature on the supposition of steam being a perfect 
gas. They are very easily arrived at, — 
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From this last formula it is easily shown that conden- 
sation almost as copious as that which takes place in 
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the cylinder must occur in this case also ; and from 
this we may infer that a receiver should if possible be 
provided with some heating arrangement^ such as a 
steam or hot-air jacket. In practice the external surface 
of the cylinder jacket serves usually to warm the re- 
ceiver ; and in some cases the receiver is a separate 
vessel, heated directly by the flues from the furnaces. 
In the latter arrangement there is probably more or 
less superheating in the receiver, but where a steam 
jacket only is employed the temperature will hardly be 
much in excess of the temperature of saturation, and 
consequently the relation of pressure to volume will be 
very nearly as before. 
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Fig. 10. 



The question now arises, as to what amount of loss, 
if any, is due to intermediate expansion. Fig. 10 is 
a theoretical dia- 
gram. In order to 
avoid any varia- 
tions of the curve 
due to the differ^ 
ing conditions of 
expansion in a 
compound engine, 
a steam jacket 
may be supposed to be applied throughout. Let the 
first part of the curve, a 5, represent expansion in 
the smaller cylinder; 5c, the intermediate expansion 
or drop in the receiver; and cd the expansion in 
the low-pressure cylinder. Then alfffk will be 
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the high-pressure diagram; gcdmo, the low; and 
the waste which has resulted from having an inter- 
mediate drop is shown by the triangle hfc. If there- 
fore a drop can he avoided mthout altering the total 
ratio of expansion a saving to this exterd wUl he effected. 
When, liowevevy the only convenient mode of avoiding a 
drop would he to decrease the capacity of the large cylinr 
der, a/nd therefore also to diminish the total ratio of ex- 
pansion, there would he no saving ; since more area is 
cut off from the end of the diagram than is saved in the 
middle, and the result is Fig. 11. The values of the 

low-pressure diagram are 
very nearly the same in 
each case ; in fact if expan- 
sion were by Boyle's law they 
would be exactly the same ; 
for the initial, and therefore 
^ also the mean pressure in 
the low would be in inverse 
^ proportion to the capacity, 
and therefore the product 
of these two would be identical in each case. Here the 
matter is affected, however, by the fact remarked upon 
under the head of '^Wire-draaring and ThrotUing" that 
the loss due to back pressure in the condenser is in 
proportion to the capacity of the cylinder which ex- 
hausts into it. Thus if the choice of mean pressures 
is between 20 lbs. on a small piston, or 10 lbs. on one of 
double the size, and if the back pressure is 4 lbs., then 
the former of these gives just one-third more available 
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work than the latter. The area below the line In in 
Figs. 10 and 11 shows the amount of loss in each case 
due to back pressure. While this area increases with 
any increase of capacity of the low cylinder, the area of 
the high-pressure diagram increases also by the lowering 
of the line fffe, and the best result will be therefore 
attained when this line fffo is brought down just so far 
that any further reduction would take more from the 
low-pressure diagram than it would add to the high. 
Where an expansion valve is used on the other hand, 
and intermediate expansion therefore prevented, the 
low-pressure cylinder may be made of such a capacity 
that the pressure of steam in it at the end of the 
stroke shall be hardly if at all higher than that in the 
condenser. 

Avoidance of Intermediate Expansion. — There 
are several arrangements in use by which intermediate 
drop may be avoided altogether, or reduced to any 
desired extent, without diminishing the amount of ex- 
pansion which takes place after the steam leaves the 
small cylinder. The commonest of these is that already 
referred to of providing the large cylinder with an ex- 
pansion valve, by which means its capacity up to the 
point of cut-off may be reduced to that of the high 
cylinder. The practical objections to this arrangement 
are : first, the extra expense ; secondly, the extra power 
absorbed in driving an expansion valve ; and thirdly f 
the extra strength of rods and size of bearings necessary 
on account of the increased strain on the low-pressure 
crauk produced by a comparatively high initial pressure 
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acting on a large area of piston. This last objection is 
partly met by the fiact that low-pressnre rods are nsoally 
made sufficiently strong to stand the high-pressure steam 
used in starting; but only partly, because the use of an 
expansion yalve, if it does not lead to the breaking of 
rods, often results in the heating of the crank-pin or 
bearings, the weight of the large piston helping also to 
bring this about. Again, an ordinary sUde-yalye may 
easily be relieved of the pressure of the steam on its back, 
but where an expansion valve is used either no relieving 
is attempted, or it is but partially effected at great 
expense. This adds force therefore to either the first 
or second objection, and when the case is fiilly weighed, 
and the insignificance of the saving effected is remem- 
bered, it is hardly to be wondered at that low-pressure 
expansion slides are not more commonly used. 

Another way of avoiding a drop of pressure is to make 
the pistons begin and end the stroke together, and to 
exhaust directly from the high-pressure cylinder into 
the low. In this class of engines the intermediate 
receiver is done away with, and the passages by which 
the steam exhausts from the one cylinder to the other 
are made as small as possible, one cylinder being even 
placed sometimes within the other. When the exhaust 
port of the high-pressure cylinder opens, the low piston 
is at the end of its stroke, so that no expansion of the 
exhaust steam from the high can take place except into 
the clearance of the low and the intermediate passages. 
As the two pistons advance, which they do simulta- 
neously, the steam flows from the smaller to the larger 
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cylinder, expanding meanwhile. The communication 
between the cylinders is not closed until the end of the 
stroke, or nearly so, and consequently the lowest pres- 
sure of the exhaust in the high is the same as the ter- 
minaji pressure in the low. Fig. 12 is a copy of cards 



taken from engines of this class, and the coincidence of 
the exhaust line of the high diagram with the steam 
line of the low shows the reduction of pressure of the 
high exhaust referred to. The consequence of this 
reduction is that the high-pressure cylinder is subjected 
to the cooling influence of a pressure very little above 
that in the condenser ; but the loss on this account is 
very slight indeed, if there is any, because it occurs only 
at the end of the exhaust stroke, and also because the 
second cylinder acts as a trap for any heat which would 
otherwise escape by this means to the condenser. The 
real practical objection to this description of engine id 
one which applies more to- marine than to land engines; 
it is that the pistons must begin and end the stroke 
together, moving therefore always in the same, or always 
in opposite directions, so that where the cylinders are 
parallel and only two are used the dead points coincide. 
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To get over this diflSculty some engineers have made 
a compromise, keeping the cylinders parallel, but the 
cranks some 20° or so out of the straight line, that is to 
say at an angle of about 160° with each other. By this 
means the engines go over the dead points without diflS- 
culty, and the pistons move very nearly together. The 
high-pressure piston ought to commence its stroke just 
before the other (and therefore the low crank should 
lead) ; then the only effect of the alteration is to give 
a higher back pressure against the small piston at the 
beginning of each stroke by compression of the exhaust 
steam until the low valve opens. This valve must be 
arranged to close again by the time that the high 
piston reaches the end of its stroke, — cutting oflT, that 
is to say at about three-quarters of the stroke of its 
own cyUnder. 

Some engines which have in other respects been built 
on this principle, have been so contrived that the low 
piston commences its stroke first; the result being a 
rush of steam into the large cylinder after the stroke has 
begun, and a sudden drop is thus brought about. The 
exhaust steam is also cushioned in the high cylinder 
after the low ceases to take steam. This would hardly 
be a disadvantage, but that it occurs just as the engines 
are going over the centres. The neatness of the dia- 
grams of these ei;igines is very much impaired by the 
irregularity of the low-pressure steam line, which begins 
low, but rises suddenly early in the stroke and then &lls 
away gradually. 

One curious form of continuous-expansion compound 
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engines is constructed somewhat on the principle of the 
bucket-and-plunger pump. One cylinder only is used, 
and the efficient area of the piston is reduced on one 
side to, say, one-haK or one-third of its total area by 
means of a trunk, the other side of the piston having its 
whole surface exposed to pressure. The steam from the 
boiler is admitted on the reduced, or trunk, side, and it 
expands here, as in an ordinary high-pressure cylinder, 
to the end of the stroke. It exhausts, however, by an 
appropriate valve, to the other side of the piston, where 
it acts on a greater area and produces the return stroke, 
expanding ultimately to the whole capacity of the 
cylinder, and then exhausting into the condenser. The 
same cylinder is thus exposed to the highest and lowest 
pressure, viz. that of the entering stea^ and that of 
the condenser ; so that one of the alleged advantages of 
compound engines is here sacrificed. It is noticeable, 
too, that the high-pressure steam is opposed only by the 
back pressure in the condenser, while the low-pressure 
steam during the return stroke is opposed by steam of the 
same pressure, the same steam in fact, acting, however, 
on a smaller area. In each case the atmospheric pressure 
on the trunk is in the same direction, assisting the high- 
pressure steam and opposing the low-pressure to an 
exactly equal extent. It follows therefore that the 
pressure during the return stroke must be more than 
that of the atmosphere, unless the latter is counter- 
balanced by a weight, or removed by the substitution of 
the condenser pressure. It is not easy to resort to this last 
expedient in the engines just described, except in a par- 
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tial maimer, by using the outer end of the trunk as the 
ram of the air-pump. It is, however, resorted to in some 
engines identical in principle with these, though differ- 
ing a little in form, the arrangement being something 
of this kind ; — a high and a low pressure cylinder are 
placed in one line, say, for instance, the high above the 
low, and the pistons secured to a single piston-rod. The 
ends of the two cylinders which are next each other, that 
is, the bottom of the high and the top of the low, are 
always in free communication with each other, and it is 
from this space that the atmospheric pressure is removed 
by connection with the condenser. Steam from the 
boiler is admitted above the small piston, and completes 
a stroke, as before, in the high cylinder. On exhausting 
it passes to the under side of the large piston, and pro- 
duces the up-stroke by pressure on increased area. Here 
the high-pressure steam is opposed by the pressure in 
the condenser, and the low-pressure by steam of equal 
pressure, as in the case of the trunk compound engine. 
The diagrams taken from these engines are very note- 
worthy; in fact, they appear to contradict the above 
remarks, by showing a back-pressure line in the high- 
pressure diagram coinciding more or less nearly with 
the steam line of the low, as in Fig. 12. The cause 
of the apparent contradiction is explained when the 
caution given in the second chapter is remembered, 
namely^ that to obtain the true diagram from any 
cylinder, an exchange must be made of the two back- 
pressure lines from the opposite sides of the piston. The 
high-pressure diagram so corrected is shown by the full 
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lines in Fig. 13, but the low-pressure diagram either 
disappears altogether, in consequence of the coincidence 
of the steam and the back-pressure lines, or else becomes 
negative, as shown by the dotted lines in Fig. 13, in 



Fio. 13. 




consequence of the latter being the higher of the two. 
This is the graphic representation of the above-men- 
tioned fact, that motion during the low-pressure stroke is 
produced, not by a higher pressure per square inch over- 
coming a lower, but by a certain pressure on a large area 
overcoming the same pressure per square inch, or even a 
greater one, on a smaller area. This leaves out of con- 
sideration the atmospheric pressure on the trunk in those 
engines which have a trunk. In the other class of engines 
where this atmospheric pressure is removed, the two 
pistons are treated as one, which in fact they are, since 
the intermediate apace is not used for steam. It makes 
no diflFerence whether the eflfective area of one side of a 
piston is diminished by a trunk, or by a diminution of 
the diameter of the cylinder on that one side alone, the 
latter rendering it necessary to put a distance at least 
equal to the stroke between the two working sides of the 
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piston. In these engines the adjacent sides of the pistcms 
might be used instead of the opposite ones, by putting 
in a division between the eylindeis, and by connecting 
the outer ends with the condenser. The action would 
then be precisely as before ; but there is no reason why 
the one arrangement of working should replaoe the 
other ; the two might take place 'simultaneously^ and 
then the engine becomes simply one of that dass first 
described as without a receiver. Where steam is thus 
used on both sides of each piston the exchange of the 
back-pressure lines in the diagrams makes very little 
difference, except that it shows the effective pressure of 
steam in the small cylinder to be more equable through- 
out the stroke than would appear from the ordinary dia- 
gram; the greatest amount of back pressure coinciding 
in time with the highest steam pressure, as both occur 
at the b^;inning of the stroke. The low-pressure steam 
line should coincide with the high-pressure exhaust^ 
since there is free communication, and any fall of pres- 
sure between the cylinders must be due to throttling in 
the passages. 

It has been remarked that in compound engines pro- 
vided with a receiver, the work of admission to the 
large cylinder is sometimes due partly to intermediate 
expansion, but always partly, and sometimes entirely, to 
direct transfer of work from the small piston. In the 
continuous -expansion compounds without a receiver 
this work of admission, transferred directly from one 
piston to the other, occurs throughout the low-pressure 
stroke, simultaneously with the work due to expansion, 
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and consequently it is not distinguishable from the latter 
in the diagram. 

There is another form of compound engine, if such it 
may be called, to which the term " continumiS'expafmon 
engine'' has been especially applied. It has two cylinders 
plax5ed side by side, and the cranks are at right angles 
with each other. Steam is admitted to the high-pressure 
cylinder during something less than the half stroke. At 
this point, or just before it, the low-pressure piston being 
then at the beginning of its stroke, a communication 
is opened between the two cylinders through the back 
of the low-pressure valve and through ports formed in 
the side of the small cylinder at about half stroke. The 
steam is now free to expand in both cylinders during 
the remaiader of the high-pressure stroke, at the end 
of which time the low will have reached its half stroke. 
Instead, however, of the high-pressure cylinder then 
opening at once to exhaust, the steam is retained in it 
for a short time, during which expansion of the steam 
in both cylinders continues in consequence of the 
advance of the large piston, which is travelling at this 
time at its maximum velocity ; the smaU one, on the 
other hand, being nearly stationary. When, however, 
the low piston reaches its three-quarter stroke, or there- 
abouts, the communication between the cylinders is 
closed by the low valve, and immediately afterwards the 
high cylinder exhausts into the condenser. Expansion 
is still continued in the low cylinder until the end of 
its stroke, when it, too, exhausts into the condenser. 

The advantage claimed for engines built upon this 



i 
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system over non-compounds is that any required rate 
of expansion may be obtained without the waste of steam 
which takes place in the passages and clearance of a 
single cylinder with an early cutoff. Further reference 
will be made to this waste subsequently. 

Again, the advantage over compounds lies in obtaining 
continuous expansion to any desired extent with cranks 
at right angles and without the use of extra valves and 
eccentrics. Three valves only are required, namely, a 
main valve for each cylinder, and a small valve for 
retarding the high-pressure exhaust. An expansion 
valve may, however, be beneficial on the small cylinder. 
Provision is made in these engines for rendering the 
cylinders independent at a moment's notice, both 
cylinders then taking steam direct from the boiler. 
This is a great convenience in the case, for instance, of 
vessels coming iato port. 

The disadvantages of the system appear to be that 
both cylinders are subjected to considerable variation of 
temperature and pressure. Both receive steam of 
pressure nearly equal to that in the boiler, and both 
ultimately communicate with the condenser, so that 
the loss of heat by radiation, &c., during the exhaust 
must be appreciable. The strain also at the time of the 
opening of communication between the cylinders must 
be very great, as both pistons are under the pressure 
of unexpanded steam. It has been found in practice 
that the horse-power developed from the high-pressure 
cylinder is sometimes decidedly in excess of that from 
the low, but this would not be a very serious drawback 
722 most cases. 
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The diagrams taken from the continuous-expansion 
engines, of which Fig. 14 is a copy, present no pecu- 
liarities except the very rapid fall of pressure after the 

Fio. 14. 



High, FtessuTB Diagramj 




half stroke in the high-pressure cylinder, and from the 
beginning of the stroke in the low. The repression of 
the exhaust from the high is also very clearly shown. 

The foregoing classification of compound engines 
according to their mode of expanding the steam, and 
with special reference to the avoidance of intermediate 
drop, includes the chief varieties of form now in use. 

A large proportion of marine engines belong to the 
class first noticed, namely, those which have an inter- 
mediate receiver, with parallel cylinders and cranks 
at right angles or nearly so. Many stationary engines 
are also made on this principle. In Cowper's engine the 
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leoeiTer is a sepante yeasel, mod rpfhwitnig takes place 
inil 

Beam enghies giraieially bdong to the daas next de- 
scribed, with no leceiyer and with pistons moTing shnulr 
taneonsly. In WoolTs engine, one of the earliest fonns 
of compoond, both the cylinders act on the same end of 
the beam ; while in MacNaught's they are placed on 
opposite sides of the main centre^ thns diminishing the 
strains on the beam, bat requiring longer connecting 
passages for the steam. Annular cylinder engines belong 
to the same class. 

The receiyerless engines, with cranks at an angle a 
little short of 180°, sometimes known as Graddock's, 
are common in the mercantile navy, bnt are little used 
on land. 

Ferkin's high-pressure compound engine represents 
the continuous-expansion class, having two pistons on 
one rod, the steam acting on one side only of each 
piston. 

The engine last described, in which communication is 
established between the cylinders at the commencement 
of the low stroke, and at half stroke in the high, will 
be recognized at once as Stewart's continuous-expansion 
engine. 
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CHAPTER Vm. 

SIZE OF BECEIVEE. 

In the previous chapters the intermediate receiver has 
been supposed to be indefinitely large, because its size 
did not affect the questions then under examination. 
It has been seen already that a receiver can be dis- 
pensed with in some engines, namely, those in which 
steam can enter the large cylinder during the whole 
time of its exhausting from the small one. When the 
time of demand coincides with that of supply, no ware- 
house is needed. In engines, however, in which the 
high-pressure cylinder continues to exhaust at a time 
when the low cylinder is not open to steam, a receiver 
of some sort is absolutely necessary ; and if no special 
one is provided, the passages and low-pressure steam 
chest will perform its functions. In such circumstances, 
when a receiver is required but is at a minimum, the 
variation of back pressure in the high and admission in 
the low cylinder will be excessive ; and when the re- 
ceiver is very large this variation will be insignificant. 
This variation is the obvious and the only result of the 
size of the receiver. It is pdrtioularly important to 
remember that the intermediate expansion^ although 
taking place in the receiver ^ does not at all depend in 
ammtnt upon its size. Given the volume and pressure 
of the steam which enters the receiver at each stroke, 

p 
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and the Yolmne whidi leaTcs it, the pvessaie of the latter 
can be fonnd, as before explained, without re£srence to 
any other circomstances o( the case. The Tariation 
then of the pressure in the reoeiyer, — ^which variation 
is inyerself proportional to its size, other things being 
equal,— does not directly affect the economy of the 
engine, although it impairs the neatness of the diagrams 
by giving an unsteady exhaust line in the high and 
steam line in the low pressure card, and it tends there- 
fore to im^ularity of stram. A good-sized receiver 
will therefore be an advantage where it can be obtained 
easily, but no great loss will result from having only a 
small one. 

The determination of the variation of pressure in the 
receiver involves a long and intricate calculation, which 
is rarely undertaken in practice, because the result is of 
little value when obtained ; it requires also to be gone 
through from the beginning in every separate case, and 
accuracy must be sacrificed to some extent by neglect- 
ing a few of tbe details of the case if the calculation is 
to be kept within any reasonable bounds. Some notion, 
however, of the extent of the variation may be obtained 
from a simple example, in which it is assumed that the 
large cylinder cuts off steam exactly at the instant that 
the high-pressure cylinder opens to exhaust, the smaU 
piston being at that time at the end of its stroke. 
Expansion is considered as taking place by Boyle's law, 
the product of volume and pressure being supposed 
constant. 

Let h = capacity of high-pressure cylinder, 
r = capacity of receiver. 
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The capacity of the large cylinder will not be required, 
but its capacity up to the point of cut-off must be 
known. Let this be called h. 

Let Pi = terminal pressure in high cylinder, 

/>2 = pressure in receiver when large cylhider is cutting off steam, 
Pt = „ „ just after high exhausts, 

P^ = „ „ just before low takes steam. 

Of these pi is known, and the rest require to be found. 
Since the amount, by weight, of steam entering and 
leaving the receiver at each stroke is the same, there- 
fore 

This gives the pressure when the low valve is closing. 
Immediately afterwards the high cylinder exhausts, 
this operation being a mixing together of a receiver-full 
of steam at pressure p2 and a small cylinder-full at pi , 
the whole finally occupying a volume h + r. The 
pressure which results will therefore be 



P» = 



r + A 

_ P2r+P2^ 
r + A 

r + k 



-Pt 



r + h [2] 



The volume of this steam is then diminished by the 
advance of the small piston, until the low valve opens. 
Let the portion of the small cylinder which is still in 
communication with the receiver at the time of the 
large cylinder taking steam, have a capacity xhy then 
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the Yolume of the amount of steam in equation [2] will 
be reduced tor + xhy and therefore 

^'^P'TT^' [3] 

This will be the maximum pressure in the receiver in 
ordinary circumstances, although where the low cylin- 
der is not much larger than the high, the greater 
velocity of the high piston may produce a slightly 
greater compression. 

In the completion of the high-pressure stroke the 
alteration of volume which the steam undergoes is 
from r-f-ajAtor + ft, since by the time the high stroke 
is ended admission to the low cylinder becomes com- 
plete also; and thus the pressure is reduced to p2 again, 
which is the minimum pressure in the receiver. The 
proportion therefore of the maximum to the minimum 
pressure in this case is 

Pa _ ^ + ^ 
Pt r + xh' 

As an application of these equations, let r = 3A, 
k=:2hy and xh = ^h; and let^i = 24 lbs., then 

P2 = 24 X ^ = 12 lbs. 

,_ 3A + 2A ,„,, 

^^=''^3m^=^^^^«- 

The variation here is higher than would usually occur 
in practice, as the conditions of the case all tend to 
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augment it. If the exhaust from the high-pressure 
cylinder occurred before the closing of the low valve 
there would be very little variation. There is one case, 
however, in which it is sometimes desirable to avoid this, 
in order to obtain a higher rate of expansion in the low 
cylinder. It has been stated that the intermediate drop 
depends solely on the proportion of the low cut-off to 
the high cylinder. But where wire-drawing occurs by 
the low valve, the low cut-off must not be regarded as 
the time when that valve closes, but some earlier time 
determined by the difference of pressure in the low 
cylinder and steam chest, since this difference deter- 
mines the flow of steam through the slowly closing 
aperture. Consequently if the pressure in the receiver is 
augmented by the high cylinder exhausting just before 
the low valve closes, and therefore while wire-drawing 
is taking place, a practically longer cut-off is obtained 
in the low cylinder, and consequently there is more 
loss by intermediate expansion. The loss by wire- 
drawing also is increased, since it takes place with a 
greater fall of pressure. In this case therefore it will 
be advantageous to keep the low cutK)ff in front of the 
high exhaust, which may be done by giving the low 
crank a little extra lead, making the angle of the 
cranks about 120° or so, instead of 90°. Whether the 
slight economy effected is worth the sacrifice of smooth- 
ness of motion and evenness of strain ihust depend upon 
the circumstances of the case. 
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CHAPTER rx. 

EQUALIZATION OF HOBSE-POWEBS. 

In the ordinary class of compound engines^ in which the 
cylinders drive separate cranks, it is desirable to have 
nearly equal horse-powers developed from the two 
cylinders, in order to obtain regularity of motion. This 
object will be attained by arranging that the mean 
effective pressures on the pistons shall be inversely 
proportional to their areas, provided that the stroke of 
both pistons is the same. The mean effective pressure 
in each cylinder depends upon the proportion of the 
rate of expansion done in that cylinder to the total rate, 
and to that done in the other cylinder. These rates of 
expansion depend, among other things, on the propor- 
tion of the areas of the pistons. The loss by back pres- 
sure in the condenser, as well as the loss by partial 
condensation, or, at any rate, diminution of temperature 
of the steam during expansion, introduces further com- 
plications into the problem of equalization of the horse- 
powers, and they concur in rendering a general and 
satisfactory solution of it impossible. 

If, however, we neglect the two last-named considera- 
tions, and suppose intermediate expansion to be avoided, 
the case becomes very simple, and an inquiry into it 
may throw some light on the more intricate cases which 
occur in practice. 
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Gall B the total ratio of ^expansion, the product of the ratios in the 
high (rj), and in the low (r,) ; and call the areas of the high and low 
pistons a^ and a, respectively ; the mean effective pressure upon each Pi 
and P2 respectively ; and the initial pressure in the small cylinder P ; 
then since there is no intermediate expansion 

R = Ti X r, 

and a, = Oj r, , 

P 

and — = terminal high = initial low. 

Applying the ordinary formula for mean pressure, we have that in the 
small cylinder equal to . 

— (1 + log. rj). 

To obtain the mean effective pressure, the back pressure, which is equal 
to the initial low, must be deducted. Then 

P P 

Pi= -Ci + log. '•i) - -r • 

Tj r^ 

= — (log. ri). 

Similarly in the low-pressure cylinder 

P 

P2 = -— (1 + log. r,). 

When equal horse-powers are to be obtained, , 

p. 
therefore — =|?-. 

Substituting in this equation the two values just found ioipi esidp^ 
we have, 

P P 

log. rj = (1 + log. r,). 



log.ri = l + log. r,, 

ri = rj X e, 

where e = 2' 7183, the base of hyperbolic logarithms. And since 

R = Ti X r, , 

therefore 

ri« = R X « ri = VR X e 

R 



r,» = - 



v/| 
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Hence when equal horse-powers are obtained under the 
conditions given above, the rate of expansion in the large 
cylinder, which is also the proportion between the cylinders, 
wUl he found by dividing the total rate of expansion by 
2 • 7183 and taking the square root of the result. For 
instance, if 10 * 8 be the total ratio of expansion, the 
ratfe in the low found by this rule will be 2, which will 
also be the proportion between the areas of the cylinders. 
And for any total ratio under 10 • 8 this proportion should 
be less than 2, a conclusion diflfering widely from those 
arrived at by practice. The cause of this disagreement 
is clear, for all the conditions disregarded in this ease, 
but which occur in practice, tend in one direction. 
Back pressu/re in the condenser diminishes the effective 
pressure in, and therefore the work obtained from, the 
large cylinder, and to an extent proportional to its area. 
Condensation of the steam during expansion has the 
effect of giving a higher total rate of expansion than 
that found by dividing the capacity of the large 
cylinder by that of the high cut-off; and the loss due 
to cooling accumulates during expansion, and is there- 
fore greater in the low than in the high pressure 
cylinder. Intermediate expansion, where it takes place, 
adds to the power obtained from the small cylinder, 
and even if the rate of expansion in each cylinder 
remains unaltered, the total rate only being increased, 
the loss due to back pressure in the large cylinder will 
be slightly increased, as already pointed out. 

On all these grounds therefore a much higher rate of 
expansion in the large cylinder than that given by the 
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formula is necessary when equal horse-powers are to be 
obtained. Intermediate expansion series as a means of 
adjustment of the horse-powers, and where a cut-off 
valve, or even a reversing link, is provided for the large 
cylinder, the rates of expansion in it and in the receiver 
can be so arranged that nearly equal powers shall be 
given whatever the proportion of the cylinders. Where, 
however, the rate of expansion in the low is at most 
two, as will be the case when no cut-off valve or link 
occurs, either the rate of expansion in the high must 
also be small, or else the proportion of the cylinders 
must be kept down, say, to 2^ to 1, in order to avoid 
much intermediate expansion, as well as a very low 
terminal pressure in the large cylinder. 

The problem of equalization of horse-powers must 
therefore be worked out separately in each case ; and 
circumstances will determine how far other considera- 
tions ought to be sacrificed to this, which will sometimes 
be of great itaportance and at other times of hardly any. 

The same remark also applies with equal force to a 
very similar question, namely, that of the equalization 
of the strains upon the cranks. These will be found by 
multiplying the area of each cylinder in inches by the 
maximvm effective pressure per square inch which occurs 
in that cylinder. This maximum pressure will generally 
occur at the beginning of the stroke in the small 
cylinder, but in some cases it may occur just after, 
where the exhaust is retarded, as in Stewart's engine, 
or even as in those known as Craddock's. In finding 
the strains on the cranks from diagrams, it is essential 
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to remember to reverse the back-pressure lines, as before 
mentioned, otherwise cushioning, which occurs before 
the stroke finishes, appears to deduct from the admis- 
sion pressure which occurs at quito another time. 

In the low-pressure cylinder the initial pressure is 
often the maximum, but with a small receiver the 
admission line in the diagram is very irregular, and 
consequently it is sometimes impossible to find theo- 
retically the maximum pressure in a proposed engine. 
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CHAPTEE X. 

PASSAGES AND CLEARANCE. 

The discrepancies which occur between the results 
arrived at by theory and by practice are due to defi- 
ciency or error, or both, in the premises upon which the 
conclusion is based. Even in the simplest mechanical 
problems it is exceedingly diflScult to make proper 
allowance for all the conditions of the case, and the 
simplest way to do so appears to be to take each 
separately, where that is possible, and so avoid com- 
plications. 

One of the first things which strikes anyone in ana- 
lyzing an indicator diagram is, that the terminal pressure 
is usually very much higher than that given by dividing 
the initial pressure by the proportion of the whole 
stroke to that part during which steam is admitted. 
The reason is that this proportion does not truly repre- 
sent the ratio of expansion, since the length of the 
stroke multiplied by the area of the cylinder does not 
represent the total space finally occupied by the steam ; 
nor does the portion of the stroke during which steam 
is admitted, multiplied by the area of the cylinder, 
represent the initial volume. A certain amount of space 
is occupied by steam before the stroke commences, 
namely, the passages or ports, and the clearance between 
the piston and the cylinder end or cover. This steam 
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undergoes expansion with the rest, and its Tolume 
therefore mnst be taken into consideration both before 
and after expansion. The total initial yolnme will 
therefore be the space passed through by the piston up 
to the point of cut-o£^ plus the capacity of the steam 
passage and clearance ; and similarly the final volume 
will be the whole space which the piston passes through 
in its stroke, pltss the capacity of the steam passage and 
clearance. The ratio of expansion is therefore the 
quotient of the latter of these divided by the former. 
For example, suppose the capacity of the passage and 
clearance for one end of the cylinder to be • 08 of that 
of the cylinder itself, that is to say, of the product of 
the area multiplied by the stroke ; then if the cut-off 
takes place at quarter stroke, the ratio of expansion is 
not 1 divided by * 25, or 4, but 

-77^ 7:7^ = -:z:r = 3*3 nearly. 

•25 + 08 33 ^ 

And the earlier the cut-off the more difference does this 
allowance for passages and clearance make. Thus, if 
the cut-off is at one-tenth of the stroke in the case given 
above, the ratio of expansion becomes 

1-08 



18 



= 6, 



instead of 10. It therefore follows thut where a high rate 
of expansion is required in a single cylinder it is important 
to decrease the capacity of the steam passages and clearance 
as far as possible. And in all cases this space is a source 
of waste, since at each opening of the exhaust it is 
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^ - — ' I 

emptied of steam, and requires to be filled up again 
before the stroke begins. It is true that the steam thus 
spent acts during the stroke by expansion, but this is 
only a part of the work which should be obtained from 
it. While, therefore, the indicator diagram accurately 
represents by its area the work performed, and by its 
vertical dimensions the pressure of steam at each point 
of the stroke, it does not by its horizontal dimensions 
represent the volume of the steam ; and, in order that 
the latter may be shown, a line must be drawn back- 
wards from the beginning of the stroke, of a length 
representing the capacity of Fig. 15. 

the passage and clearance, and 
the diagram will be completed 
by drawing a rectangle upon 
this line, as shown in Fig. 15. 
This modification of the dia- 
gram corroborates the remark 
that the effects of steam in the passage and clearance are 
more apparent with an early cut-off than with a late one. 
It must not be concluded because the steam in the 
passage and clearance of an engine produces more work 
with a high ratio of expansion than with a low, that 
therefore the waste due to this cause is less in these 
circumstances. The work wasted at each stroke, that of 
admission of the steam in the passages and clearance, is 
always the same ; and as an early cut-off diminishes the 
total work done per stroke, as well as the steam used, 
therefore the proportion of the waste to the total is 
greater with an early than with a late cut-off. 
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The readiest method of ayoiding as far as possible the 
bad effects of large passages is to shorten them, by 
using long or donble slide-yalTes, or Corliss gear or the 
tappet gear applied to beam pnmping engines. There 
is another plan, however, by which the bad effects may 
be to some extent remedied, in existing engines ; and 
that is by causing the exhaust to close at such a point 
in the return stroke that the steam so enclosed in the 
cylinder shall be compressed by the adyanciug piston, 
and its pressure thereby raised to nearly that of the 
boiler by the time that steam is admitted to that end 
of the cylinder. Fig. 16 shows this action in an ordinary 
diagram, the area enclosed by the thick line, or diagram 

Fig. 16. Fig. 17. 





proper, being the measure of the work obtained. The 
precaution, however, of exchanging or reversing the ex- 
haust line must not be neglected ; and Fig. 17, which 
is the result, shows at a glance one great disadvantage 
of excessive cushioning. The shaded part of this figure 
represents effective pressure opposing the advance of the 
piston, the back pressure on the exhaust side being in 
excess of the forward pressure on the other side. The 
area of this shaded part, therefore, is the measure of the 
work done by the piston upon the steam, and obtained 
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from the impetus of the moving parts. It need hardly 
be remarked that when work is done and undone again 
there is considerable loss, since friction takes off a per- 
centage in each process. Besides this, great straining 
of machinery must result from such irregularity of 
effective pressure as that shown in Fig. 17, which is no 
misrepresentation of the fact, since it is obvious that 
the maximum of back pressure does occur at the same 
time as the minimum of forward, namely, at the end 
of the stroke. This excessive cushioning is rarely if 
ever resorted to in practice, and it must be distinguished 
from the slight cushioning which is almost necessary in 
a fast-running engine, and the object of which is to 
overcome to some extent the impetus of the piston 
and rods, and prevent the sudden shock which would 
otherwise take place when the valve admits fresh 
steam suddenly into a nearly empty space against an 
advancing piston. 

The volume of steam contained in the passages and 
clearance must be taken into account in determining 
both the ratio of expansion in the cylinder, and also 
that in the receiver of a compound engine. In the 
latter case it is evident that the volume of steam 
liberated by the opening to exhaust of the high-pres- 
sure valve, is that contained in the small cyluider and 
its passage and clearance. When the exhaust closes, 
however, the passage and clearance remain charged 
with steam of the pressure of the receiver. Again, the 
volume of steam abstracted by the low-pressure cylinder 
at each stroke is that contained in the cylinder up to the 
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cut-off, and in its passage and clearance. The pressure 

therefore of the outgoing steam will be to that of the 

entering in the proportion of the capacity of the small 

cylinder, plus its passage and clearance, to the capacity 

of the cut-off of the large, plus its passage and clearance, 

plus the passage and clearance of the small cylinder. 

in example wUl. perhaps, xnake this more inteUigible. 

If the capacity of the small cylinder, that is to say, 

the product of its area and its stroke, be called 1, then 

the volume of the high passage and clearance for one 

end of the cylinder will be, say, '07. Suppose the 

capacity of the large cylinder be 3, and let it cut off at 

half stroke, so that the capacity of the low cut-off is 

1*5; the low passage and clearance may be taken as 

6 per cent, of its capacity, which will give • 18 ; then 

the proportion of the initial low to the terminal high 

will be 

1 + -07 1-07 



1-5 +-18 +-07 1-75 



= •61, 



instead of • 66, which it would appear to be if the pas- 
sages and clearance were not considered. If therefore 
the terminal pressure in the small cylinder were 20 lbs. 
the initial pressure in the large would be 20 x '61 = 
12-2 lbs. 

It has been remarked that the steam contained in the 
passages and clearance performs work in expanding, 
although that which should be done by its admission is 
wasted. An engine was introduced a few years ago 
which depended entirely upon the work done by the 
steam in the clearance of the cylinder ; there were no 
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external passages. The engine was remarkably simple, 
having neither steam chest, eccentric, nor slide-valve, 
the duties of all of which were performed by the piston 
itself. The working barrel of the cylinder had a steam 
port cast in it on one side, and an eduction port on the 
other side, both at the half stroke. The piston was a 
little longer than the stroke, and was deeply recessed 
at both ends, so that it resembled a piece of pipe plugged 
in the centre, the plug receiving the piston-rod. Close 
to each end of the piston were formed in it an eduction 
port and a steam port, on opposite sides, to correspond 
to those in the cylinder. The eduction ports each opened 
through the end of the piston to the same end of the 
cylinder; but the steam ports communicated with pas- 
sages, cast in the piston, so arranged that the port at the 
one end of the piston admitted steam to the other end 
of the cylinder. Consequently, when the piston was at 
the bottom of its stroke the two ports at its top end 
were opposite to those in the cylinder, and steam 
was admitted to the under side of the piston, the 
upper side being open to the exhaust. The up-stroke 
therefore took place, and at the end of it the condi- 
tions were reversed, causing the down-stroke, and so 
on. It must be observed, however, that the admission 
of steam occurs in this arrangement as much before 
one stroke ends as it continues after the next begins. 
Hence the work done during admission is exactly 
counterbalanced by that absorbed in overcoming the 
counter pressure due to lead. But the steam cut oflf in 
the cylinder continues to expand during the stroke, and 
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SO gives ont a certain amount of avaOable work. . This 
work increases with the quantity of steam used^ but a 
long cut-off which involves an equally early admission 
is objectionable; consequently the clearance is made 
excessive, about equal, in fact, to the capacity of the 
cylinder, — ^meaning by eapacUy the area multiplied by 
the stroke, as befora Thus a ratio of expansion of 2 is 
obtained with an extremely early cut-off, and the mean 
pressure resulting is about 4 of the initial. An ordinary 
engine of the same size would be able to keep steam on 
throughout the stroke, and thus obtain one-fifth more . 
work, with the same expenditure of steam. 

While, however, economy in working can hardly be 
claimed for these engines, they certainly possess many 
advantages which ought to make them very useful 
where only a little power is needed. These advantages 
are economy in prime cost and repairs, — for the engines 
are not very liable to get out of order ; — and the capa- 
bility of running either way. The engiues require to 
be started by hand, but will run whichever way they 
are started, because the admission and also the exhaust 
take place equally on either side of the dead point. In 
fact, the valve, which in this case is the piston, has 
a travel equal to the sum of the lead and the lap, or 
a maximum opening to steam equal to the lead. 

This brings us to another case in which similar con- 
ditions hold ; namely, an engine reversing by means of a 
rocking link, a locomotive for instance, when the link is 
put in mid-gear while the engine is in motion. The 
travel of the valve then becomes the sum of the lap and 
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the lead, and admission takes place as much before as 
after the beginning of the stroke. The expansion, how- 
ever, of the steam in the clearance and passage produces 
enough effect to keep the engine running in whichever 
direction it was already moving, if the load upon it is 
not too heavy. Anyone who has driven such an engine 
must be familiar with the fact that in order to stop it 
by means of the link, without entirely shutting off 
steam, it is necessary to reverse partially for a few 
moments, — until, in fact, motion ceases in the one 
direction and is about to commence in the other. 

Under these circumstances, the exhaust, as well as 
the admission, takes place as much before as it continues 
after the end of the stroke; and therefore when the 
valve has no inside or exhaust lap, the opening and 
closing will take place at half stroke. This results in 
cushioning, which in non-condensing engines is very 
considerable, sometimes raising the pressure in the 
cylinder before the admission of steam to a point higher 
than that in the boiler. This is shown in the indicator 
diagram by a loop at the admission corner, and a loop 
is sometimes formed also at the exhaust comer, by the 
expansion of the steam in the cylinder to a pressure 
below that of the atmosphere. The early opening of 
the exhaust usually prevents this latter loop, by the 
admission of air ; but where the port opens slowly and 
not very wide in the end, it fails to supply air rapidly 
enough to prevent further expansion if the piston is 
moving quickly. 

Whenever an engine is allowed to work expansively 
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by means of the link, more or less cushioning takes 
place, together with an early exhaust. These, when not 
carried to excess, tend to evenness and smoothness of 
motion ; hence the softening of sound which is so notice- 
able when the link is moved even a trifle out of full 
gear. 
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i CHAPTER XI. 

CONCLUSIONS. 

In conclusion it will be well to glance at one or two 
of the most prominent question^ of steam engineering. 
And, first, as regards the alleged advantages of com- 
pound over single cylinder engines, the arguments for 
the former are so familiar that they need only to be 
stated. They are, that the economy secured by high 
pressures and high rates of expansion may be obtained 
without the drawbacks of (1) excessive strain at the 
beginning of the stroke, (2) strain of cylinders and loss 
of effect by exposing the same cylinder to very high and 
very low pressures and temperatures, (3) loss by passages 
and clearance, which is unimportant, except with a very 
early cut-off. Practice alone can ultimately decide the 
question, and at present opinion sets very strongly in 
favour of compounds. A certain amount of reaction 
may, however, be expected before long, and, in fact, the 
application of the system to very small engines, espe- 
cially when these are sent to places where skilled 
workmen'are not easily obtained, will tend to bring it 
about. 

The subject of the use of high pressures falls rather 
under the head of generation of steam ; for, while its 
economy is beyond all doubt, its limits are fixed by the 
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capabilities of safe and trustworthy boilers, and beyond 
these limits at present (although it may not long 
continue beyond them) there is another obstacle in 
the temperature at which lubricants and packing 
become chaiTed. This may be removed by the disuse 
of lubricants in the cylinder, and the employment of 
metaUic packing. 

The question of the proportions of the cylinders of 
non-continuous expansion compound engines has been 
already referred to, and the principles arrived at may be 
embodied in the following general rule. If a high ratio 
of expansion is used in the small cylinder, by the em- 
ployment of an expansion valve, then intermediate 
expansion should be reduced to a minimum in order to 
equalize the horse-powers, and also to avoid the slight loss 
of power due to it This must be done either by apply- 
ing an expansion valve to the large cylinder, or else by 
making the proportion of the areas small, that is about 2^ 
or 2^ to 1. When, however, no great amount of expansion 
takes place in the high-pressure cylinder, a considerable 
intermediate drop is advantageous, in order to equalize 
the horse-powers and strains, and also to prevent waste 
by a too high terminal pressure in the large cylinder. 
In this case therefore the proportion should be com- 
paratively large, 4 to 1 being a very good ratio. The 
proportions which find favour in practice are very various, 
owing probably to such diflferences of conditions as those 
just mentioned. Among marine engines, the lowest pro- 
portions occur principally on the Thames and the 
Mersey, 2J to 1 being not uncommon. In Scotland a 
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slightly larger proportion of about 3 or 3^ to 1 is 
perhaps commonest; but here again there is great 
variety. On the Tyne, however, 4 to 1 prevails with 
remarkable miiformity, and as much as 5i to 1 has been 
tried, if not a higher proportion. The Tees also favours 
4 to 1 for the taost part. 

It may be useful to give an example of the calcu- 
lation by which the diameters of the cylinders of 
compound engines are determined. We may assume 
the circumstances of the case to be as follows : — ^The 
indicated horse-power required, including all necessary 
allowances, is to be 400 ; the piston speed is 380 feet a 
minute, and the pressure of steam when it reaches the 
engines 70 lbs. by the gauge, or 85 lbs. absolute. The 
steam will be expanded three times in the high-pressure 
cylinder, by means of an expansion valve, which is pro- 
vided in order that when the pressure on the boilers 
has to be reduced the same amount of work may be got 
out of the engines, though not quite so economically, by 
lengthening the admission. Assuming that it is not 
important in this case to aim at equality either of horse- 
powers or strains in the connecting rods, there will be no 
expansion valve on the low-pressure cylinder, but steam 
will be cut off at about half stroke by an ordinary valve, 
double-ported if necessary. For such an engine a good 
proportion for the cylinders will be 3 to 1, by the 
adoption of which proportion a total ratio of expansion 
of 9 will be obtained. From these data and from the 
tables for mean and terminal pressures of steam ex- 
panding without receiving heat, which will be suffi- 
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ciently accurate even if a steam jacket is used, the 
following values are found: — 

Initial pressure in smaU cylinder = 85 lbs. 
Mean „ „ „ =57*6 lbs. 

Terminal „ „ „ = 25 lbs. 

Intermediate expansion takes place in the proportion of 
2 to 3y the proportion of the small cylinder to the large 
up to the point of cut-off. This gives 

Initial pressure in large cylinder = 16 lbs. 
Mean „ „ „ = 13*3 lbs. 

Terminal,, „ „ = 7*4 lbs. 

Subtracting from the mean pressures in the high and 
low cylinders the back pressures, which are 16 lbs. and, 
say, 2 lbs. respectively, we obtain 

Mean efifective pressure in smaU cylinder = 41*6 lbs. 
,, *, „ large „ =11*3 lbs. 

For every square inch of area of small cylinder there are 
three square inches of area of large, and consequently 
for every square inch of small cylinder there is a mean 
pressure of 11*3 x 3 = 33*9 lbs. in the low-pressure 
piston-rod, which, added to that of 41 • 6 lbs. in the high- 
pressure rod, gives a total mean pressure of 75 * 5 lbs. 
for every square inch of small cylinder. 

Turning now to the horse-power required, viz, 400, 
we have 

400 X 33,000 = 13,200,000 = foot lbs. per minute required. 

Dividing this by the piston speed, which is 380 feet a 
minute, the total mean pressure is obtained — 

13,200,000 



380 



= 34,737 lbs. = total mean pressure ; 
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aud this divided again by 75 • 5 lbs., the total mean pres- 
snre for every square inch of small cylinder, gives the 
area of small cylinder in square inches — 

■ * ^ = 460 = area of smaU cylinder ; 
75-5 

consequently • 

1,380 = „ large „ 

which areas correspond respectively to 24J inches and 
42 inches diameter. 

The horse-powers obtamed from the two cylinders 
will be in the proportion of the mean effective pressures 
in the two cylinders multiplied by their proportional 
areas, or in this case as 41 * 6 is to 33 * 9. In a similar 
manner the proportion of the maximum strains in the 
connecting rods will be found to be as 85 — 16 = 69 is 
to (16 - 2) X 3 = 42. The inequality would be less 
than this however in practice, owing to the variation of 
pressure in the receiver. It has been explained that 
this variation, the extent of which depends upon the 
size of the receiver, adds to the strain and to the work 
done in the low-pressure cylinder, while it reduces the 
amount of both in the high ; and consequently if the 
receiver were not large the inequality of the horse- 
powers would be very slight. Exact equality may be 
obtained with a large receiver by diminishing the large 
cylinder, and so sacrificing the excess of power deve- 
loped in the small cylinder; or, secondly, by a later 
cut-off in the small cylinder ; or, thirdly, by an earlier 
cut-off in the low-pressure cylinder, which will involve 
the addition of an expansion valve. 
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The consumption of steam in an engine is fomid bv 
multiplying the area of the cylinder by the piston speed 
and dividing by the ratio of expansion. In the example 
just given the cubic feet of steam of boiler pressure con- 
sumed per minute is 

* 3-19x380 .^ 
3 = ^- 

Allowance must here be made, however, for the capacity 
of the passages and clearance of the cylinder, the space 
occupied by the steam at the time when the valye 
closes being one-third not of the space traversed by the 
piston in one stroke, but of that space plus the passage 
and clearance. If, therefore, the passage and clearance 
for one end of the cylinder are together equal in capar 
city to 7 per cent, of the space traversed by the piston 
at each stroke, then an addition of 7 per cent, must be 
made to the amount of steam used as found above, the 
result being 432 cubic feet. From the amount of steam 
required per minute the size of the boilers may be found, 
allowance being of course made for loss, and for steam 
used by feed donkeys, &c. The size and cooling surface 
necessary for the condenser, as well as the amount of 
circulating or injection water required, will be fixed by 
the amount of steam exhausting at a pressure of 7 • 4 lbs., 
the terminal pressure in the large cylinder. All the 
data needed for these calculations — the weight, tem- 
perature, and latent heat of saturated steam at various 
pressures — are given in engineering pocket-books. 
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Table op Constants fob Finding Mean and Tebminal Pbessubes 

OF Expanding Steam. 



Cut-off. 



T 
i 
S 

1 
h" 

1 
ITS 

l\ 

iV 

1 

1 

IT 
1 

7 

>*■ 

f 
f 



I. At Constant 
Temperature. 



Mean. Terminal. 



H Kept Dry at the 

Temperature of 

Saturation. 



Mean. 



TermiDaL 



III. Condensing at 

the Temperature of 

Satui'ation. 



Mean. TermlnaL 



•847 


•5 


•839 


•479 


•833 


•7 


•333 


•687 


•311 


•678 


•597 


•25 


•582 


•229 


•571 


•522 


•2 


•606 


•181 


•495 


•465 


•167 


"449 


•149 


•437 


•421 


•143 


•405 


•126 


•393 


•385 


•125 


•369 


•11 


•357 


•355 


•111 


339 


•097 


•328 


•330 


•1 


314 


•087 


•303 


•309 


•091 


293 


•077 


•282 


•290 


•083 


275 


•071 


•264 


•274 


•077 


259 


•065 


♦ ^249 


•26 


•071 


245 


•06 


•235 


•247 


•067 


2:^3 


•056 


•223 


•236 


•062 


222 


•052 


•212 


•992 


•875 


991 


•868 


•991 


•966 


•75 


964 


•737 


•962 


•919 


•625 


914 


•607 


•911 


•743 


375 


732 


•353 


•723 



•463 

•295 

•214 

•167 

•137 

•115 

•099 

•087 

•077 

•07 

•063 

•058 

•053 

•049 

•046 

•862 

•726 

•593 

•336 



Initial Pressure x Constant = Mean, or Terminal, Pressure. 

Example.— Steam of 75 lbs. absolute initial pressure is expanded in 
a cylinder without a steam jacket; the true cut-off being ^ of the 
stroke. As condensation in the cylinder is not prevented, Table III. 
must be used. The constants opposite to J cut-off are ^571 and *214, 
which multiplied by 75 give 42*8 and 16 lbs. as the mean and terminal 
pressures respectively. 
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Mecha^;iical Engineers, by Guilford L. Molesworth, Member 
of the Ihstitution of Civil Engineers, Consulting Engineer to the 
Government of India for State Railways, seventeenth edition, 
revised, with considerable additions by the author, containing 150 
additional pages, royal 32mo, roan, dr. 

Ditto, interleaved with ruled Paper for Office use> 9*. 

Ditto, printed on thin paper for the waistcoat pocket, 6s, 

Engineers' Price Book. 

Applebys' Illustrated Handbook of Machinery and Iron Work, with 
the Cost, the Working Expenses, and the Results obtained in the 
use of Steam and Hand Cranes, Pumps, Fixed and Portable Steam 
Engines and various other Machines ; with Weight, Measurement, 
&c^ &c. ; also Prices of Tools, Iron Work, Stores, and Materials 
required by Civil and Mechanical Engineers, Merchants, and 
others ; together with numerous Tables and Memoranda, by 
Appleby, Bros., Engineers, many hundred wood engravings^ 8vo, 
cloth, I2J. dd. 

Engineers' Tables. 

Spons' Tables and Memoranda for Engineers, selected and arranged 
by J. T. Hurst, C.E., author of Architectural Surveyors' Hand- 
book, Hurst's Tredgold's Carpentry, &c., 64mo, roan, gilt edges, \s, 

French Measures. 

French Measures and English Equivalents, by John Brook. For 
the use of Engineers, Manufacturers of Iron, Draughtsmen, &c., 
iSmo, roan, \s, 

" In a series of compact Tables the English values of the French measures 
are arranged from one to a thousand millimetres, and from one to a hundred 
metres ; the fractions of an inch progressing in sixteenths are also reduced 
to French Yalues. The little book will be found useful to almost every 
eii^s\.tGty -^Engineering, 
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French Polishing. 

The French Polisher's Manual, by a French Polisher, containing 
Timber Staining, Washing, Matching, Improving, Painting, Imita- 
tions, Directions for Staining, Sizing, Embodying, Smoothing, Spirit 
Varnishing, French Polishing, Directions for Re-polishing, royal 
32mo, sewed, 6d, 

Gas. 

Analysis, Technical Valuation, Purification and Use of Coal Gas, 
by the Rev. W. R. BOWDITCH, M.A., with wood engravings^ 8vo, 
cloth, i2s.6d. 

Gold and Silver Mining. 

The Mining and Metallurgy of Gold and Silver, by J. ARTHUR 
Phillips, Mining Engineer, in one large voL, royal Bvo, cloth, 
illustrated with 84 wood engravings and Z folding plates of work- 
ing drawings, 31J. dd. 

Gunner's Pocket -book. 

Bridges' Gunner's Pocket-book, compiled by" CAPTAIN T. W. 
Bridges, H.P. Royal Artillery, crown 32mo, roan, is, ; or morocco, 
IS, 6d. 

Heat. 

A Practical Treatise on Heat, giving Data, Rtdes, and Tables to 
facilitate the practical application of the Laws of Heat to the Useftd 
Arts ; illustrated by examples worked out in detail, for the use c^ 
Engineers, Architects, &c., by Thomas Box, author of * Practical 
Hydraulics,' numerous plates, post 8vo, cloth, Ss. 6d, 

Hydraulics. 

Practical Hydraulics : a Series of Rules and Tables for the use of 
Engineers, &c., &c., by Thomas Box, second edition, numerous 
plates, post 8vo, cloth, $s. 



Indian 

India and Indian Engineering, three Lectures delivered at the Royal 
Engineer Institute, Chatham, in July, 1872, by Julius George 
Medley, Lieut.-Col. R.E., Assoc. Inst. C.E., Fellow of the Calcutta 
University, Principal Thomason, Civil Engineering College, 
Roorkee, crown 8vo, cloth, 3^. 

Iron. 

Iron as a material of Construction, by William Pole, C.E., 
F.R.S., illustrated by wood engravings, crown 8yo, cloth, dr. 
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Iron and Steel. 

The Journal of the Iron and Steel Institute, edited by JNO. JONES, 
F.G.S., and David Forbes, F.R.S., published quarterly in 8vo, at 
Ss, each Part. 

Iron Construction. 

Works in Iron, Bridge and Roof structures, by EwiNG Matheson, 
numerous engravings^ royal 8vo, cloth, 15J. 

Link-Motion. 

Link-Motion and Expansion- Gear practically considered, by N. P. 
Burgh, Engineer, illustrated with 90 plates and 229 wood 
engravings^ small 4to, handsomely half-bound in morocco, 2/. 2J. 

Mechanical Engineering. 

The Mechanician and Constructor for Engineers, comprising 
Forging, Planing, Lining, Slotting, Shaping, Turning, Screw- 
Cutting, &c., by Cameron Knight, illustrated by 96 4to plates^ 
containing 1147 illustrations^ and 397 pages of letterpress^ 4to, 
half-morocco, 2/. I2J. 6^, 

Mechanics. 

The Essential Elements of Practical Mechanics, based on the prin- 
ciple of work, designed for Engineering Students, by Oliver 
Byrne, formerly Professor of Mathematics, College for Civil 
Engineers, second edition, illustrated by numerous wood engrav- 
ings^ post 8vo, cloth, 7j. 6^. 

Metric Weights and Measures. 

Scales for the Ready Comparisom of British and Metric Weights 
and Measures, by A. L. Newdigate, M.A., in neat cloth case, 5^. 

Military Terms. 

A Handy Dictionary of Military Terms, by Major W. W. Knollys, 
F.R.G.S., 93rd Sutherland Highlanders, Garrison Instructor, Home 
District, &c., i8mo, cloth, 2J. 

Mill Gearing. 

A Practical Treatise on Mill Gearing, Wheels, Shafts, Riggers, &c., 
for the use of Engineers, by Thomas Box, post 8vo, cloth, with 
eight plates^ S-J". 

Mill Work. 

Buchanan's (R.) Practical Essays on Mill Work and other 
Machinery, with examples of tools of modem invention, and Supple- 
ment, edited by T. Tredgold and G. Rennie, ZZ plates, 3 vols., 
royal 8vo, cloth, 21J. 
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MiUwright'B Guide. 

The Practical Millwright's and Engineer's Ready Reckoner, or 
Tables for finding the diameter and power of cog-wheels, diameter, 
weight, and power of shafts, diameter and strength of bolts, &C.9 by 
Thomas Dixon, third edition, i2mo, cloth, y. 

Mine Engineering*. 

A New Edition of a Practical Treatise on Mine Elngineeringy by 
G. C. Greenwell, F.G.S., Colliery Viewer, Member of the North 
of England Institute of Mining Engineers, &c., &c., &c., cohtaming 
64 coloured plates drawn to a large scale ^ and 255 pp. of letterpress^ 
imp. 4to, handsomely half4}0tmd in morocco, 2/. 15^. 

Mining. 

Records of Mining and Metallurgy ; or, Facts and Memoranda for 
the Use of the Mine Agent and Smelter, by J. Arthur PhillipS 
and John Darlington, in crown 8vo, cloth, illustratgd with 
wood engravings, 4^. 

Narrow Gauge Railways. 

Narrow Gauge Railways, by C. E. Spooner, C.E., F.G.S.| ilius- 
tratedwith 2^ folding plates, 8vo, cloth, 12s, 6d, 

CONTENTS : 
Copy of Paper read at the "Inventors' Institute" on Narrow Gi^ige 
Rsdlways — The Festiniog Railway — Experiment on the Festiniog Railway 
— Captain Tyler's Report — The Railways of the Future — Advantages 
gained by Narrow Gauge Railways — Railway Gauges — Narrow Gauge 
Rolling Stock — Battle of the Gauges— Indian lUilway Gimges and 
Rolling Stock, &cl 

Outpost Duty. 

Practical Lessons in Reconnoitring, Outpost Duty, &c., anggested 
by the late Autumn Manoeuvres, Nos. i and 2, eadi xx. 6^ 

Perpetual Motion. 

Perpetuum Mobile ; or. Search for Self-Motive Power during the 
17th, 1 8th, and 191^ centuries, illustrated from vajrious authentic 
' sources in papers, essavs, letters, paragraphs, and numerous patent 
specifications, with an Introductory Essay by Henry Dircks, C.E., 
with numerous engravings of machines, crown 8vo, cloth, los, 6d, 

Ditto, Ditto, Second Series, with numerous engravings and 
portraits, crown 8vo, cloth, los, 6d, . . 

Railway Crossings. 

Switches and Crossings ; Formulae for asq^aining the Angles of 
Crossings, the Lengths of Switches, and the Distances of the Points 
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of the Crossings and the Heels of the Switches from the Springing 
of the Curve, by W. Donaldson, M.A., A.LC.E., author of *A 
Treatise on Oblique Arches/ plates, 8vo, cloth/ lo;. 6d, 

Reservoirs. 

On the Construction of Catch-water Reservoirs in Mountain Districts 
for the Supply of Towns or for other purposes, by C. H. Beloe, 
author of the Handbook of the Liverpool Waterworks, plates, 8vo, 
cloth, 5^, 

Reservoirs. 

On the Designing and Constructing of Storage Reservoirs, by 
Arthur Jacob, B.A., folding' plates, 8vo, stiff wrapper, 2s, 

Retaining Walls. 

A Treatise on Retaining Walls, by J. S. Tate, C.E., 8vo, sewed, 2^. 

Ropemaking. 

A Treatise on Ropemaking as practised in public and private Rope- 
yards, with a Description of the Manufacture, Rides, Table of 
Weights, &c., adapted to the Trade, Shipping, Mining, Railways, 
Builders, &c., by R. Chapman, formerly . foreman to Messrs. 
Huddart & Co., Limehouse, and late •Master Ropemaker to H.M. 
Dockyard, Deptford, second edition, i2mo, cloth, jj. 

Sanitary Engineering. 

Sanitary 'Engineering, a Guide to the Construction of Works of 
Sewerage and House Drainage, with Tables for facilitating the 
Calculations of the Engineer, by Baldwin Latham, C.E., Mem. 
Inst. C.E., Past President of the Society of Engineers, numerous 
engravings, 8vo, cloth, i/. los, 

• 

Sewage. 

A Handbook of Sewage Utilization, by Ulick RALPH BxniKE, M.A., 
Barrister-at-Law, crown 8vo, cloth, 3^. 6d, 

This work treats L : Of the evils of the present system of Sewage Treat- 
ment, the Pollution of Water, and the Waste of Manure. II. Remedies, 
Privy, and Ash-pit ; Eureka System ; Milan, Goul, and Moule's Systems. 
III. Treatment of Sewage by Chemical means, Experiments with Lime ; 
Lime and Chloride of Iron ; Sulphate of Ammonia ; Holden's Process ; 
Sulphate of Alumina; Persalts of Iron; BMh, Lenk, Phosphate, ABC, 
Scott, and Hille Processes ; Filtration. IV. Irrigation. With an Appendix, 
including the Law relating to Sewage Utilization. 
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Sewage. 

The Sewage Question; on the Treatment and Utilization of 
Sewage, the Preparation of Land for Irrigation, and for Intermittent 
Downward Filtration, by J. Bailey Denton, M. Inst C.E., F.G.S., 
8vo, sewed, zs. 

Silver Mines. 

Vazeeri Rupi, the Silver Country of the Vazeers, in Kulu ; its 
Beauties, Antiquities, and Silver Mines, including a trip over the 
lower Himalayah range and Glaciers, by J. Calvert, F.G.S., Mem. 
Inst. C.£., illustrated with a map- and coloured plates^ 8vo, doth, 
i6j. 

Slide-Valve. 

The Slide- Valve, practically considered by N. P. BuRGH, Engineer, 
third edition, containing 88 illustrations^ and 121 pages of letter- 
presSf crown 8vo, cloth, 5^. 

Specifications. 

Practical Specifications of Works executed in Architecture, Civil 
and Mechanical Engineering, and in Road Making and Sewering ; 
to which are added a series of practically useful Agreements and 
Reports, by John Blenkarn, with infolding plates^ 8vo, clotli, i&r. 

List of Plates. 



1 Elevations and Plans of Cottages 

at Bamet. 

2 Elevations and Plans of Houses at 

Maidstone. 

3 Elevation and Section of Villa at 

East Cowes. 

4 Ground and First Floor of Ditto. 

5 Elevation of Villa at East Cowes. 

6 Ground and First Plan of Ditto. 

7 Details of Sewer Work. 

8 Details of Ironwork, Piling. 



9 Details of Ironwork. 

10 Details of Ironwork, Piling^ &c. 

1 1 Section of Artesian Well. 

12 Elevation and Section of Wzouc^* 

Iron Bridge. t 

13 Plan, Elevation, and Section of 

Wrought-Iron and Brick Bridge. 

14 Section and Plan of Engine and 

Engine House. 

15 Elevation of Timber Bridge. 



Steam. Boilers. 

New Work on Boiler Engineering, complete in 20 parts, 19 at 3^., 
and I at 6^., or handsomely half-bound morocco, cloth sides, 
3/. 13J. 6</., a Practical Treatise on Boilers and Boiler Making, by 
N. P. Burgh, Mem. Inst Mech. £ng., illustrated with numerous 
wood engravings and plates of working drawings^ 3/. 13^. 6*;/. 

Steam. Engine. 

Modem Marine Engineering applied to Paddle and Screw Propul- 
sion ; consisting of ^f^plateSy 259 wood engravings^ and 403 pages 



E. & F. N. SPON : LONDON AND NEW TOBX. 



CA TALOGUE OF SCIENTIFIC BOOKS. 13 

of descriptive matter, the whole being au exposition of the present 
practice of the following firms,: — Messrs. J. Penn and Sons; 
Maudslay, Sons, and Field ; James Watt and Co. ; J. and G. 
Rennie ; R. Napier and Sons ; J. and W. Dudgeon ; Ravenhill and 
Hodgson ; Humphreys and Tennant ; Mr. J. F. Spencer ; and 
Messrs. Forester and Co., by N. P. BURGH, Engineer, 410, cloth, 
2/. ss. 

Steam Engine. 

Modem Compound Engines, being a Supplement to Modern 
Marine Engineering, by N. P. Burgh, Mem. Inst. Mech. Eng., 
demy 4to, cloth, i8j. 

The following firms have contributed Working Drawings of their best 
and most modem examples of Engines fitted in the Royal and Mercantile 
Navie*. : — Messrs. Maudslay, Rennie, Watt, Dudgeon, Humphr^s, 
Ravenhill, Jackson, Perkins, Napier, Elder, Laird, Day, AUibon, and 
Bui^h. 



Steam 

Practical Treatise on the Condensation of Steam ; contained in 
262 pages of letterpress, and illustrated with 212 engravings j by 
N. P. Burgh, Engineer, super-royal 8vo, cloth, 25J. 

Steam Engine. 

A Pocket-book of Practical Rules for the proportions of Modern 
Engines and Boilers for Land and Marine purposes, by N. P. 
Burgh, 4th edition, >vith Appendix, royal 32mo, roan, 4J. 6d. 

Details of High-pressure Engine, Beam Engine, Condensing, Marine 
Screw Engines, Oscillating Engines, Valves, &c., Land and Marine Boilers, 
Proportions of Engines produced by the rules. Proportions of Boilers, &c. 

Steam Engine. 

Practical Illustrations of Land and Marine Engines, showing in 
detail the modern improvements of High and Low Pressure, Surface 
Condensation and Superheating, together with Land and Marine 
Boilers, by N. P. BURGH, Engmeer, 20 plates in double elephant, 
folio, cloth, 2/. 2s, 

Steam Engine. 

Notes on the Theory of the Steam Engine, being part of a course 
of instruction in the subject, given in the Royal School of Naval 
Architecture and Marine Engineering, by James H. Cotterill, 
M.A., Vice-Principal of the Royal School of Naval Architecture 
and Marine Engineering, 8vo, sewed, 3^. 
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Strength of Beams. 

On the Strength of Beams, Columns, and Arches, considered with 
a view to deriving methods of ascertaining the practical strength of 
any given section of Beam, Column, or Arch, in Cast Iron, Wrought 
Iron, or Steel, by B. Baker, numerous cuts^ crown 8vo, cloth, 91. 

Strength of Beams. 

New Formulas for the Loads and Deflections of Solid Beams and 
Girders, by William Donaldson, M.A., Assoc. Inst C.E., 8vo, 
cloth, 4J'. 6^. 

Sugar. 

The Practical Sugar-Planter ; a Complete Accotmt of the Cultivation 
and Manufacture of the Sugar-cane, according to the latest and 
most improved processes, describing and comparing the. different 
systems pursued in the East and West Indies, and the Straits of 
Malacca, and the relative expenses and advantages attendant upon 
each, being the result of sixteen yesurs* experience of a sugar-planter 
in those countries, by Leonard Wray, Esq., with numerous 
illustrations^ 8vo, cloth, loj. 6^. 

Sugar Machinery. 

A Treatise on Sugar Machinery, by N. P. Burgh, Engineer, with 
16 plates, drawn to a large scale, royal 4to, cloth, 30^. 

Sulphuric Acid. 

The Chemistry of Sulphuric Acid Manufacture, by HENRY ARTHUR 
Smith, cuts, crown 8vo, cloth, 4^. 6d, 

Surveying. 

The Principles and Practice of Engineering, Trigonometrical, 
Subterraneous, and Marine Surveying, by Charles Bourne, C.E., 
third edition, numerous plates and woodcuts, 8vo, cloth, $s. 

Surveying. 

A Practical Treatise on the Science of Land and Engineering 
Surveying, Levelling, Estimating Quantities, &c., with a gener^ 
description of the several Instruments required for Surveying, 
Levellmg, Plotting, &c., by H. S. Merrett, 41 fine plates^ with 
illustrations and tables, royal 8vo, cloth, 12^. 6d, 

Table of Logarithms. 

Table of Logarithms of the Natural Numbers, from i to 108,000, 
by Charles Babbage, Esq., M.A., stereotypy edition, royal 8vo, 
cloth, js. 6d. 
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Tables of Squares and Cubes. 

Barlow's Tables of Squares, Cubes, Square Roots, Cube Roots, 
Reciprocals of all Integer Numbers up to 10,000, post 8vo, 6^. 

Teeth of Wheels. 

Camus (M.) Treatise on the Teeth of Wheels, demonstrating the 
best forms which can be given to them for the purpose of Ma- 
chinery," such as Millwork and Clockwork, and the art of fmding 
their numbers, translated from the French, third edition, carefully 
revised and enlarged, with details of the present practice of Mill- 
wrights, Engine Makers, and other Machinists, by Isaac Hawkins, 
illustrated by iS ^lates^ 8vo, cloth, 5^. 

Telegraphy. 

Journal of the Society of Telegraph Engineers, including original 
Communications on Telegraphy and Electrical Science, edited by 
Major Frank Bolton and G. E. Prbece. Parts I., II., 
and III., demy 8vo, sewed, wltA wood engravings, SJ. each. To be 
continued quarterly. 

Torpedo Warfare. 

A Treatise on Coast Defence ; based on the experience gained by 
Officers of the Corps of Engineers of the Army of the Confederate 
States, and compiled from Official Reports of Officers of the Navy 
of the United States, made during the North American War from 
1861 to 1865, by Von Scheliha, Lieutenant-Colonel and Chief 
Engineer of the Department of the Gulf of Mexico, of the Army oC_ 
the late Confederate States of America ; with numerous fine plates ^ 
imperial 8vo, elegantly bound in cloth, top edge gilt, is^., or with 
the plates coloured, 30?. 

Trevithick. 

The Life of Richard Trevithick (Inventor of the High-pressure 
Steam Engine), with an Account of his Inventions, by Francis 
Trevithick, C.E., 2 vols., medium 8yo, cloth, illustrated by a steel 
portrait^ lithographs^ and numerous beautiful wood engravings, 
including many accurate illustrations of Cornwall, its Mines, and 
Mining Machinery, i/. 16^. 

Turbine. 

A Practical Treatise on the Construction of Horizontal and Ver- 
tical Water- Wheels, with eleven plates, specially designed for the 
use of operative mechanics, by William Cullen, MiSwright and 
Engineer, second edition, revised and enlarged, small 4to, cloth, 
1 2 J. dd. 
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Turning. 

The Practice of Hand-turning in Wood, Ivory, Shell, &c, with 
Instructions for turning such work in Metal as may be required in 
the Practice of Turning in .Wood, Ivory, &c. ; also an Ap];>endix on 
Ornamental Turning, by Francis Campin, second ecution, with 
wood engravings^ crown 8vo, cloth (a book for beginners), 6f. 

Valve Gears. 

Treatise on Valve Gears, with special consideration to the Link- 
Motions of Locomotive Engines, by Dr. Gustav Zeuner, Aird 
edition, revised and enlarged, translated from the German^ with 
the special permission of die author, by MORITZ MULLER, plates^ 
8vo, cloth, I2s. 6d, 

Ventilation. 

Health and Comfort in House Building, or Ventilation with Warm 
Air by Self-acting Suction Power, with Review of the mode of 
calculating the Draught in Hot-Air Flues, and with some actual 
Experiments, by J. Drysdale, M.D., and J. W. Hayward, M.D., 
demy 8vo, with plates^ cloth, js, 6d, 

Weight of Iron. 

Tabulated Weights of Angle, T, Bulb, and Flat Iron, for the use 
of Naval Architects and Shipbuilders, by Charles H. Jordan, 
M.I.N.A, i8mo, sewed, is. 6a. 

Wood-working Factories. 

On the Arrangement, Care, and Operation of Wood-working Fac- 
tories and Machinery, forming a complete Operator's Hanabook, 
by J. RicjiARDS, Mechanical Engineer, woodcuts, crown 8vo, cloth, 
Ss. 

Wood-working Machines. 

A Treatise on the Construction and Operation of Wood-working 
Machines, including a History of the Origin and Progress and 
Manufacture of Wood-working Machinery, by J. Richarjds, M.E., 
crown 4to, cloth, with numerous wood engravings, it, $s. 

Workshop Receipts. 

Workshop Receipts for the use of Manufacturers, Mechanics, and 
Scientific Amateurs, by Ernest Spon, crown 8vo, cloth, 5^. 

Tachts. 

Yachts and Yacht Building, being a Treatise on the Construction 
of Yachts and other matters relating to Yachting, by P. R. Marett, 
second edition, enlarged, illustrated with 12 folding plates, ^'^m.y 
8vo, cloth, I2J. 6d. 
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